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1.0 SUMMARY 


Tha main objective of the NASA Dilution Jet Mixing Phase I 
Program was to quantify by means of parametric tests the effect of 
the following on the mixing of a row of jets with a confined cross- 
flow. 

o Jet to mainstream density ratio 

o Flow area convergence as encountered in transition sec- 
tions 

o Non-uniform mainstreeun profile upstream of dilution 
orifices. 

The general conclusions derived from Phase I work are: 

o Jet spreading rate in transverse direction is increased 
with increasing J, H/D and with decreasing S/D. 

o The density ratio has only a second order effect on the 
jet mixing characteristics for a constant momentum 
ratio. 

o The temperature distributions in the jet mixing region 
are strongly influenced by the undisturbed mainstream 
profile. Therefore, a superposition of the mainstream 
profile on the correlations for isothermal mainstream 
conditions yields good agreement with data. 

o Flow area convergence enhances mixing in radial and 
transverse directions. An asymmetric convergent d 'ct 
with flat wall injection has the same jet mixing charac- 
teristics as a symmetric convergent duct. An asymmetric 
convergent duct with slant wall injection has a faster 
jet spreading rate in the transverse direction. 
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2.0 INTRODUCTION AND OBJECTIVES 

Advanced airciraft propulsion gas turbine engines i >r civil 
and military aoplications must provide increased power density 
usually expres&ed in terms of thrust or horsepower per unit air- 
flow. Higher cycle pressure ratio ard turbine inlet temperature 
(TIT) offer the greatest potential for increasing engine perform- 
ance and reducing engine weight and size. However, because of the 
higher average TIT, the gas temperature distribution must be 
closely tailored for acceptable radial temperature profile and 
minimal peak gas temperature. 

The combustor, discharge temperature quality is influenced by 
nearly all aspects of the ccHnbustor design and in particular by 
the dilution zone. Due to increasing burner inlet air temperature 
and fuel/air ratio, an increasingly higher fraction of the com- 
bustor through-flow air is needed for combustion and cooling with 
correspondingly reduced airflow available for dilution purposes. 

An improved understanding of dilution jet mixing processes 
will result in effective utilization of the available dilution 
air. The present, program has been undertaken to acquire a data 
base of dilution jet mixing characteristics to develop empirical 
jet mixing correlations and validate combustor analytical design 
models. 

The penetration and mixing of air jets directed into a cross- 
stream have been investigated by many researchers. Jet trajectory 
and mixing models have been developed both empirically and analyt- 
ically. In the majority of the studies, the models are not 
directly applicable to flows in gas turbine combustion systems due 
to either an inappropriate rc’^ge of flow conditions or unrealistic 
test geometries. In almost all cases, correlations have been 
derived using single jets discharging into a uniform cross-flow in 
relatively large ducts. In gas turbine combustion systems, a 
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number of dilution orifices in single or multiple rows normally 
inject the cooler air into relatively small annular ducts with 
non-uniform flow fields, resulting in jet interaction with 
adjacent jets and the liner walls. The availability of experi- 
mental data to extend current jet mixing models to account for 
these factors is limited, which results in only qualitative appli- 
cation of the models by combustion engineers in actual design 
practice. 

The work reported in References 1 through 4 for multiple-jet 
injection into a confined cross-stream provided the basis for the 
program reported here. The nominal cross-flow test conditions in 
those studies were: = 15 m/sec; T« = 600®K with uniform tem- 

perature and velocity profiles. Dilution jet velocities (Vj) 
varied over the range of 25 m/sec to 35 m/sec with jets at an 
ambient temperature T^ = 300®K. The test conditions were estab- 
lished based primarily on jet to mainstream momentum ratio 
{J - P. V-Vp it '^) variation frcra 6 to 60, with density-ratio 

j j lu rd 

(p./p ) variation from 1.5 to 2.5. 

J •*« 

Jet mixing correlations were developed (References 2 and 4) in 
terms of the mcxnentum ratio and the following geometric variables: 

o 2 < S/D < 6 

o 4 < H^/D < 16 

o 0.25<X/H^<2 

o 0 ^ Z/S <0.5 


D = Dilution orifice diameter 

Hq * Channel height at injection 
plane 

X = Axial flow direction 

Z = Lateral flow direction 

S = Orifice spacing along the 
transverse direction 
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The main objective of the NASA Dilution Jet Mixing Phase I 
Program was to quantify the effect of the following factors on jet 
penetration and mixing: 

o J, H^yD, S/D, 

o Non-uniform cross-stream temperature and velocity main 
profiles upstream of dilution orifices 

o Jold versus hot jet injection 

o Cross-stream flow area convergence (accelerating cross- 

stream) as encountered in practical dilution-zone geo- 
metries . 

The experimental effort was divided into four series of 
tests: 

Series 1 test objectives were to evaluate current data in 
relation to previous data and correlations at comparable condi- 
tions for jet mixing in a uniform cross-stream and to compare 
mixing characteristics of a cold jet injected into a hot stream 
versus a hot jet injected into a cold stream. 

The effects of mainstream velocity and temperature profiles 
on jet mixing processes were investigated in Series 2 test. Two 
types of cross-stream temperature profiles were studied. A pro- 
file generator was used to inject a cooler stream near the jet 
injector wall with an increasing temperature profile away from the 
injection wall. A decreasing radial temperature profile was used 
in the second set of investigations. 

Dilution zone geometric details, including flow area con- 
vergence rate and shape (symmetric or asymmetric convergence). 
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affect jet penetration and downstream radial profiles. The effect 
of mainstream acceleration on jet mixing behavior was studied in 
Series 3 tests. Both symmetric and asymmetric converging test 
sections were used in this test series. 

Practical dilution zone designs include both flow convergence 
and profiled cross-streeun. A limited study was done in Series 4 
tests on quantifying the effect of flow convergence as well as 
cross-stream profile on jet spreading. 

In addition to the four test series described above* limited 
model validation and correlation were done based upon the extension 
of the correlations developed by Holdeman and Walker 
(Reference 2) . 
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3.0 TEST RIG AND FACILITY DESCRIPTIONS 

3. 1 Test Rig 

A schematic layout of the jet mixing test rig is presented in 
Figure 2 and a partially assembled rig in Figure 3. The main- 
stream airflow is ducted from the test cell main air supply 
through a 15.24-cm internal diameter pipe. A transition section 
connects the inlet pipe to a rectangular cross section of constant 
width (30.48 cm) and adjustable height. 

A perforated plate with 25 holes of 1.43-cm diameter provides 
a relatively uniform air stream upstream of the profile generator 
plenum. The profile generator duct incorporates an adjustable 
bottom wall to match the test section inlet height, which can vary 
frcrni 10.16 cm to 15.24 cm. 

A separate air supply enables the profile generator to pro- 
vide the desired radial profile of temperature and velocity 
upstream of the jet-injection plane. 

A third air supply allows the dilution injection orifices to 
vary jet velocity and density. A number of interchangeable dilu- 
tion orifice plates and test section geometries were used to study 
confined jet mixing with the mainstream. To minimize the rig heat 
losses, the rig walls were insulated with a 2.54-cm thick layer of 
Kaolite insulation. 

In addition to a traversing P^/Pg/T rake, as shown in 
Figure 2, the rig instrumentation includes a number cf wall static 
pressure taps and flow thermocouples. 

A brief description of the profile generator, test sections, 
and dilution orif;’ce plates is provided in the following para- 
graphs. 
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3.1.1 Profile Generator 


A profile generator (Figure 4) provides a desired radial pro> 
file in the mainstream. This is achieved by varying independently 
the flow conditions of the approaching mainstream and the flow 
injected from the profile generator. As shown in Figure 2, a 
separate air supply is used to vary the temperature and velocity 
of the air supplied to the profile generator slot, which is 
2.54-cm high and 29.2-cm wide. The slot is fed uniformly through 
an inclined perforated plate having 50 orifices of 1.47-cm 
diameter; these orifices can be seen in Figure 4. The supply-air 
duct dumps the air into a rectangular plenum (or settling chamber) 
of 30.48 X 16.75 x 12.7-cm dimensions. 

Three wall static pressure taps and one thermocouple were 
used to control the plenum air pressure and temperature levels, 
which, along with the main supply flow condition, control the 
mainstream radial profile. 

3.1.2 Test Sections 


In the present study, jet mixing was characterized for four 
different test sections, as pictured in Figure 5; their important 
dimensional parameters are sununarized in Table I. Both constant- 
height and variable-height lest sections were investigated. 

Test Section I has a constant channel height (H^ s 10.16 cm) 
and slightly more than 2H^ length to allow radial profile measure- 
ments at X/H^ = 0.5, 0.75, 1.5, and 2.0. 
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TABLE I 


DEFINITION OF TEST SECTIONS ORIGINAL PAGE IS 

OF POOR QUALITY 


Test 

Section 

Number 

Description 

Test Section 
Height (cm) 

Jet 

Injection 
Angle a 
(Degrees) 

— 

Test 

Section 

Convergence 

Rate 

-dh 

Inj ection 
Plane 

Exit 

Plane 

I 

Constant 

Height 

10.16 

10.16 

90.0 

0 

II 

Symmetric 

Convergence 

10.16 

5.08 

97.1 

0.25 

III 

Symmetric 

Convergence 

10.16 

7.62 

97.1 

0.25 

IV 

Symmetric 

Convergence 

10.16 

5.08 

104.0 

0.50 

V 

Asymmetric 

Flat-Wall 

Injection 

10.16 

5.08 

90.0 

0.50 

i 

VI 

Asymmetric 

Inclined- 

Wall 

Injection 

10.16 

5.08 

j 

116.6 

0.50 


The same piece of hardware was used for Test Sections II and 
III, which are symmetrically converging with a wall inclination 
angle equal to 7.1 degrees. Consequently, the jet injection angle 
is 97.1 degrees. The test section flow area convergence rate 
(defined as -dh/dx) is 0,25. Test Section II exit-plane height is 
5.08 cm at X = 2 H^, and the corresponding injection to exit plane 
area ratio is 2.0. Test Section III is assumed to be 10.16-cm 
long with attendant exit-plane height of 7.62 cm and area ratio 
equal to 1.33. 
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Test Section IV is symmetrically converging with a con- 
vergence rate of 0.5; the corresponding inclination angle is 14.0 
degrees for both top and bottom walls. Therefore, the jet injec- 
tion angle is 104 degrees. The test section injection to exit 
plane area ratio is 2.0. 

Test Sections V and VI are asymmetric with a convergence rate 
equal to that of Test Section IV. The bottom wall of Test 
Section V is horizontal amd the top wall inclination is 

26.6 degrees with an attendant jet injection angle of 

116.6 degrees. By turning Test Section V, the top wall becomes 
flat (horizontal) and the jet injection angle becomes 90 degrees. 

It should be noted that all test sections have a 10.16-cm 
channel height at the injection plane. Consequently, the inlet 
channel heights of the test sections range between 10.16 and 
15.24 cm. To match the test section height, the profile generator 
section height was adjusted by means of a moveable wall. 

To insure well-controlled boundary layer profile at the 
injection plane, a boundary-layer trip (0.41-cm high and 0.33-cm 
wide) was welded to all four walls of the test sections. The trip 
is located 15.24 cm upstream of the jet injection plane. 

A number of static pressure taps are installed on all four 
walls of the test sections. As delineated in Figure 6 for Test 
Section I, a total of 32 wall statics are used to measure static 
pressure distribution. Four thermocouples (two thermocouples 
extending from the top wall and two through the bottom wall) are 
used for monitoring the mainstream gas temperature levels. These 
thermocouples are immersed 1.27 and 3.81 cm from the bottom and 
top walls, respectively. 


s 


I 
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3.1.3 Dilution Orifice Plate Geometry 

Four circular orifice configurations, illustrated in 
Figure 1 , were used on the present investigation. These plates 
are designated by 3-set numerals indicating aspect ratio, S/D, and 
H^D. The aspect ratio is unity for the circular orifices. Two 
orifice spacings (S/D » 2 and 4) were investigated. Similarly, 
two orifice sizes (D * 1.27 and 2.54 cm) were employed, producing 
H^D = 8 and 4, where (test section height at the injection 
plane) is equal to 10.16 cm. Table II gives important dimensions 
of the four dilution orifice plates used in the present study. 

TABLE II. DESCRIPTION OF DILUTION ORIFICE PLATES 


Designation 

Orifice 
Diameter, D 
(cm) 

Number of 
Orifices 

S/D 


S/H„ 

01/02/04 

2.54 

6 

2 

4 

0.50 

01/04/04 

2.54 

3 

4 

4 

1.00 

01/02/08 

1.27 

12 

2 

8 

0.25 

01/04/08 

1.27 

6 

4 

8 

0.50 


3.2 Test Facilities 


The test rig was installed in the combustion test cell, 
C-100. Three air supplies were used for setting up the required 
flow conditions for the mainstream, profile generator, and dilu- 
tion jets. Nonvitiated air from the laboratory compressors and 
heaters was used throughout the present investigation. 
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The mainstream air temperature can be regulated from ambient 
to 725°K. A special preheater is used for obtaining air temper- 
atures above 750*K. For the majority of the test cases the main- 
stream nominal temperature and flow rate were 644**K and 0.25 
kg/sec, respectively. For the test cases involving hot jet injec- 
tion the mainstream nominal temperature and flow rate were 310 **K 
and 0.56 kg/sec, respectively. The mainstream temperature was 
measured by thermocouples located at the test section entrance. A 
standard ASME orifice section installed in a 15-cm inside diameter 
pipe was used for measuring the mainstream airflow rate. 

A second, separately controlled air supply was used for the 
profile generator, which can be installed in either the top or 
bottom walls of the test rig. The mainstream profile was adjusted 
by varying the pressure drop across the profile generator and the 
attendant airflow rate. The airflow rate was measured by an ASME 
orifice in a 7.62-cm inside diameter pipe. 

A third air supply was used for controlling the dilution jet 
flow conditions, including jet velocity and temperature. For a 
majority of test cases, the dilution jet air was at ambient tem- 
perature and therefore no external heater was required. For hot 
jet injection, an external heater supplied a nominal dilution air 
temperature of 450^K. The dilution airflow rate was measured by 
an orifice section in accordance with standard ASME airflow mea- 
surement procedures. 
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4.0 DATA ACQUISITION AND REDUCTION 

4.1 Data Acquisition 

The dilution jet mixing characteristics were determined by 
measuring temperature and pressure distribution within the test 
section at different axial stations. A traversing probe, shown in 
Figure 8, was used for this purpose. 

The probe consists of a 20-element thermocouple rake sur- 
rounded by 20 total-pressure sensors on one side and 20 static- 
pressure rakes on the other side. The nominal transverse spacing 
between the thermocouple rake and the total pressure rake is 5.08 mm; 
similarly, the spacing between the thermocouple and the static 
pressure elements is 5.08 mm. 

The center-to-center height of the probe is 9.35 cm. The 
first element is therefore located 4.05 mm from the top wall of 
the constant-height test section, i.e., 0.16 D for a 2.54-cm dilu- 
tion jet diameter. All the elements are equally spaced in the 
vertical direction, providing a nominal spacing of 4.92 mm. 

The total-pressure sensor elements are made of Inconel tubes 
with an outside diameter of 0.16 cm and a wall thickness of 
0.023 cm. The internal conical design of the tube at the inlet 
provides a ±15 degree flow insensitivity angle. The static pres- 
sure tubes, similar to the total pressure sensors, are dead-ended 
with four bleeding holes of 0.03-cm diameter 90 degrees apart and 
0.7 cm from the tip. The total temperature sensors are type K 
thermocouple wires with insulated junctions encased in 0.10-cm 
inside diameter tubes, supported by 0.21 cm inside diameter 
enveloping tubes. The insulated junction tubes exposed to the air 
stream are 0.76-cm long. All the sensing elements have a straight 
length of 1.52 cm or more before the first bend to the probe core 
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where all tubes are inserted in a rectangular probe shield, 
4.32 cm X 0.67 cm. 

Th(^ probe is mounted on a traversing system (Figure 9) that 
allows travel in three directions. Thi'^ system allows 30.48 cm 
traverse in the X-direction (mainstream flow direction) and 
22.86 cm in the radial (Y) and lateral (Z) directions with an 
accuracy of ±0.015 percent. The flow field mapping in the 
Z direction is done over a distance equal to the hole spacing (S) 
for any given orifice plate. The measurements in the Z direction 
were made at the planes identified by Z/S ■ 0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, where Z/S > 0 denotes center of 
the orifice. The measurements in the X~direction were made at the 
planes X/H^ = 0.5, 0.75, 1.0, 1.5, and 2.0. The probe was 
traversed over a matrix of 11 x 5 survey locations. 

The temperature and pressure values from the test rig instru- 
mentation were recorded on magnetic tapes through a central com- 
puterized data acquisition system. An on-line data display system 
provided real-time information on selected raw data for monitoring 
the flow conditions. The raw data from the magnetic tape were 
later used for detail data reduction, analysis, and correlation. 

4.2 Data Reduction 


The rectangular grid network at which the measurements were 
made can be described with the aid of Figures 1 and 10. The 
X-axis is the axis along the length of the duct in the direction of 
the bulk flow. The X»0 station is located at the jet injection 
plane. The Y-axis (radial direction) is the direction along the 
jet injection direction. The Y»0 plane is located at the jet 
orifice exit plane. The Z-axis is in the cross-stream direction. 
The Z*0 plane is the vertical X, Y plane at a jet centerline. The 
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stceamwise (X) and radial (Y) distances are nondimens ionalized by 
the channel height at the jet injection plane. The lateral 
distance, Z, is nondimens ionalized by S, the dilution orifice 
spacing. 

The measured gas temperature distributions are presented in a 
nondimens ionalized form as: 


0(X, Y, z) - 


Tm - T(X, Y, 

T- - T . 
m 3 


Z) 


where, 

T^ or TMAIN > Mainstream stagnation temperature 
Tj or TJET B Jet stagnation temperature 

T(X, Y, z) B Stagnation temperature at the point (X, Y, Z) in 
the flow field. 

^ is a measure of the temperature change due to the jet at any 
point (X, Y, Z) compared to the maximum possible temperature 
change. 6 can vary from 0.0 to 1.0. 0“ 0.0 when the local tem- 

perature equals the mainstream temperature and 6 • 1.0 when the 
local temperature equals the jet temperature. When the jet and 
the mainstream are perfectly mixed, the local temperature reaches 
ideal equilibrium temperature, T^^, given by 

teb “ r - 

\ m« + n>j / 

The ideal equilibrium theta or THEB) is defined as 
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EB 


*^111 ~ ^EB 
- ’’j 


This parameter, 8^^, provides a measure of the quality of the jet 
mixing. The arithmetic average temperature (T^„) at any X plane 
and the corresponding $ 


'av 


T - T \ 

m ^lare also presented with the 


/. V ^«»\ 
\ V’‘j/ 


reduced data to provide the information on the average vclue of 
the temperature field at that plane. 


The measured d values are presented in three-dimensional 
(isometric) plots at each X-station. The measured values are 
also presented in the form of isopleths for each X-station for the 
purpose of detailed comparison with correlations. These plots are 
presented over a 2S span in the Z direction by assuming symmetry 
of the distribution with respect to the midplane between two 
orifices. This assumption was invoked only for the purpose of 
improving the clarity of visual presentation of the temperature 
distribution. The accuracy of this assumption depends upon the 
uniformity of flow distribution across the jet orifices. Pre- 
liminary tests were performed to ensure that the jet mass flow was 
uniformly distributed over the entire orifice plate configuration. 
The isometric plots provide a convenient means of pi>*senting the 
jet trajectory and mixing. Furthermore, a comparison of the data 
and correlations is presented in a two-dimensional (2-D) plot of ^ 
versus Y/H^ along the jet centerplane at each of the X/H^ 
stations. 


The pressure recordings from the probe rake were used to com- 
pute the velocity {v(X,Y,Z)j at the point (X,Y,Z) . An interpola- 
tion scheme was used to compute the total pressure (P^) and static 
pressure (P ) values at the point where probe thermocouples are 
located. From these total and static pressures, a nondimension- 
alized velocity, V(X,Y,z)/Vj, was computed. V(X,Y,Z) is obtained 
from 
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V(X,Y,Z) - (2 (P^ (X,Y,2) - P 3 (X,Y,2))/P(X,Y,Z)]^/^ 
The jet velocity, Vy is calculated from 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Vj - 4 / (Pj NttD^ Cjjj 


where D is the orifice diameter, N is the number of orifices, Pj is 
the jet density (Pj/RTj), and Cjj is the orifice discharge coeffi- 
cient. 


The orifice discharge coefficients were determined by measur- 
ing the pressure drop across the orifice plate (without cross- 
flow) for a range of mass flow rates. The discharge coefficient. 


Cq, was obtained from the relation 


p 


1.99 
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AC, 


where, w_ is the corrected flow rate in lbm/_„ and A is the geo- 

C 0 Gw 

metric area of the orifices in square inches. 


Note ; w. 




317 » 


and 




The velcx'Jity vector in the vicinity of the jet injection 
plane is predominantly in the radial direction. In such regions, 
the velocity values obtained from the rake probe are not expected 
to be accurate. For the sake of brevity, the measured velocity 
distributions are not presented in thift report. However, tables 
of nondimen 8 ional velocity distribution, V(X,Y,Z)/V^, will be pro- 
vided for each test case in the Comprehensive Data Report (CDR) on 
this program. 

An important parameter relevant to the jet description is the 
jet momentum ratio, J, defined as 
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where 




Pj = Jet density 

Pjjj ■ Mainstream density ■ 

V. or VJET » Jet velocity at the orifice Vena Contracta I 

3 t 

I 

Vjjj or VMAIN * Mainstream Velocity - j 

j 

Other flow parameters of interest are: 


Blowing rate, M or BLORAT « 

Temperature ratio, TRATIO * 

Density ratio, DENRATIO * 

Velocity ratio * Vj/V» 

The geometric parameters of importance associated with the orifice 
conf igmation are; S/D. and H , where D. is the effective jet 

J O Uj j 

diameter defined by ■’ 



The quantities defined in this section define the geometric 
and flow conditions of each test *'nd are reported along with the 
reduced data. 
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5.0 EXPERIMENTAL DATA OF POOR QO 

5.1 Series 1 Tests 


The purpose of this series was to investigate penetration, 
radial, and lateral mixing characteristics of cold and hot dilu- 
tion jets with an isothermal, confined cross-flow in a constant 
channel height of 10.16 cm. The main objectives of this series 
were the following: 

o Comparison with the NASA/Aerojet data 

o Relative mixing characteristics of cold versus hot jet 
injection. 

A total of 12 data sets were taken with the orifice geo- 
metrical description and nominal flow conditions listed in 
Table III. Tests 1 through 8 were repeats of the cases selected 
from the Aerojet study to demonstrate reproducibility of the jet 
mixing data from two different rigs. Typical comparison of data 
from Aerojet and the present investigation is presented in 
Figure 11 for the jet centerline plane at three axial stations 


nwLi III. sHtiis I nsT coHriouMncMs urn rum comditiohs 


T«st 

No. 

Orific* 

OU(D) 

(ca) 

8/D 

■</D 

Maifisti 

•aa 

Ut 

HoaentuB 

Ratio 

J 

Deneity 

Ratio 

DWRATIO 

Bquilibrlua 

Teap 

THBB 

Region 
of Axial 
Direction 
(*/■„) 

Neaaureeenta in 
Tranaverae 

Direction 

I/S 

Velocity 

VNAIN 

(•/MC) 

TMp. 

TWAIN 

velocity 

VJIT 

(■/•ec) 

Teeip. 

TJ8T 

(O,) 

1 

2.54 

2.0 

4.0 

15.0 

050 

20.0 

300 

5.7 

2.11 

0.170 

0.5 - 2.0 

0.0 to 1.0 

2 

2.54 

2.0 

4.0 

10.3 

051 

52.0 

300 

21.0 

2.13 

0.270 

0.5 - 2.0 

0.0 to 1.0 

3 

2.54 

4.0 

4*0 

15.2 

049 

25.9 

307 

0.1 

2.12 

0.107 

0.5 - 2.0 

-0.5 to ^0.5 

4 

2.54 

4.0 

4.0 

14.9 

051 

52.2 

304 

20.7 

2.17 

0.191 

0.5 - 2.0 

-0.5 to 4^0.5 

5 

1.27 

2.0 

0.0 

15.0 

049 

51.9 

300 

25.3 

2.13 

0.109 

0.5 * 2.0 

0.0 to 1.0 

4 

1.27 

2.0 

0.0 

15.1 

050 

103.0 

299 

107*0 

2.29 

0.302 

0.5 - 2.0 

0.0 to 1*0 

7 

1.27 

4.0 

0.0 

15.2 

051 

52.0 

302 

20.1 

2.19 

0.105 

0.5 - 2.0 

-0.5 to ♦O.S 

• 

1. 27 

4.0 

0.0 

15.1 

049 

104.1 

299 

109.0 

2.30 

0.101 

0.5 - 2.0 

-0.5 to +0.5 

9 

2.54 

2.0 

4.0 

15.4 

300 

109.4 

511 

31.0 

0.02 

0.103 

0.5 - 2.0 

0.0 to 1.0 

10 

2.54 

4.0 

4.0 

15.2 

293 

103.3 

400 

30.0 

0.00 

0.102 

0.5 • 2.0 

-0.5 to *^0.5 

11 

1.27 

2.0 

0.0 

15.2 

290 

102.2 

445 

30.2 

0.07 

0.102 

0.5 - 2.0 

-0*5 to 40.5 

12 

1.27 

4. a 

0.0 

IS. 3 

293 

97.0 

457 

30*5 

0*05 

- ^ 

0.002 

0.5 < 2.0 

0*0 to 1.0 
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(X/H^ 3 0.5, 1.0, and 2.0) for two values of jet momentum ratios (J 
» 6.1 and 26.7) with S/D ■ 4 and H^/D ■ 4 . The comparison, as 
shown for Tests 3 and 4, of data from two different rigs is quite 
good. Also shown in Figure 11 is the predicted racial profiles, 
using the NASA/Aerojet correlations. 

The measured distribution of the nondimensionalized tempera- 
ture, 0, for a momentum ratio (J) of 5.74 and uniform mainstream 
temperature, using the orifice plate 01/02/04 (S/D ■ 2, H^/D ■ 4) 
is presented in Figure 12. The top part of this figure shows the 
iscznetric plot of the 0 profiles at five axial planes of X/H^ » 
0.5, 0.75, 1.0, 1.5, and 2.0. The ge<»netrical and flow parameters 
of interest are provided at the top of this figure. The bottom 
part of the figure shows the measured 0 contours for the corres- 
ponding axial planes. The contour values were selected to cover 
the range of 0 values observed in the test. One of the contour 
values selected is also the value equal to 0^^, which is 0.1759 in 
this case. The locations of jet centerline and jet direction are 
indicated by the arrows at the top of each contour plot and in the 
isometric plots. 

The mixing performance for any given configuration can be 
estimated fr(»n the deviation of 0 distribution about dgg. A small 
deviation from 0^^ characterizes nearly complete mixing of the 
jet and the mainstream. The 0gg value for Test 1 is 0.1759, which 
corresponds to Contour 3. 0gg contours are deformed by the pene- 
tration of the jets. This deformation is gradually smoothed out 
farther downstream. The location of the jet centerline can be 
identified from the location of the largest contour value. For 
Test 1, at X/H » 0.5, the jet centerline is inside Contour 9, 
which is at Y/H ■ 0.34. 

The spreading of the jets in the transverse direction can be 
determined from the smoothness of the contour shapes. For this 
test, the presence of the individual jets can be seen at X/H « 0.5 
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and the jets quickly merge beyond X/H * 0.75. The locations of the 
theta contour in the radial direction are not significantly dif- 
ferent as X/H^ increases beyond 1.0. From the 6 profiles at X/H^ ■ 
2.0 it can be seen that approximately the top half of the test sec- 
tion has an air temperature less than the equilibrium temper- 
ature, whereas the bottom half has hotter gases. This indi- 
cates the jets have not penetrated the test section to the bottom 
wall. 


The predicted theta distributions for Test 1 (J = 5.74, S/D = 
2, Hq/D = 4) are presented in Figure 13. The predictions are 
obtained using NASA/Aerojet correlations. The top part of this 
figure shows the predicted theta contours while the bottom part 
provides a comparison between measured and predicted radial pro- 
files of theta along the jet centerplane. Details of the 
NASA/Aerojet correlations are presented in Paragraph 6.1. 

Although the predicted radial profiles are in good agreement 
with the measured theta profiles, significant differences in the 
theta contours can be observed. The predicted theta distributions 
for this test case underestimate the transverse spreading of the 
jets. 


The measured theta distributions for Test 2 (J = 21.59, S/D - 
2, Hq/D = 4) with uniform mainstream temperature (Tj^j) are pre- 
sented in Figure 14. In this case, is equal to 0.2705. The 
measurements show that for J = 21.59, the jet centerline at X/H^ = 
0.5 is located at about Y/H « 0.6 compared to 0.34 for J = 5.7 
(Figure 12). At X/H^ = 0.5, the two jets can be separately iden- 
tified and they merge gradually as X/H^ increases. The varia- 
tion in the radial penetration of the jets with increasing down- 
stream distance is insignificant. As in Test 1, there is a top- 
cold and bottom-hot profile distribution. 
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The predicted theta distributions for Test 2 are portrayed in 
Figure 15. The agreement between the correlations and the data is 
good up to X/H^ >1.0. Beyond this station, some differences in the 
profiles are seen. 


The measured data for Test 3, with uniform T„, J ® 6.14, S/D 

in ' ' 

= 4 and H^/D = 4, are presented in Figure 16. In this test case, 
the jets are located farther apart than the first two tests and 
0 £b “ 0.1074. For a constant value of J, H^D, the effect of S/D on 
the jet mixing characteristics can be inferred by comparing 
Figures 12 and 16. For S/D » 4, the data clearly shows the 
presence of two separate jets at all the axial stations. If the 
half-width values (from the contours) are used, it can be seen 
that the jets begin to merge only at X/H^ * 2.0, whereas 
Figure 12 shows that the merging is essentially complete at 
X/Hq * 1.0. Spreading of the contours in the radial direction 
is significantly higher in Test 3 than in Tests 1 and 2. This 
demonstrates that an increase in S/D results in improving the 
radial mixing and decreasing the lateral spreading rate. 


The predicted theta values for Test 3 are portrayed in 
Figure 17. The NASA/Aerojet correlations slightly underpredict 
the jet penetration and overpredict the for this configure- 

lUaX 

tion. 


The measured results for Test 4 with uniform T^, J = 26.7, 

in 

S/D = 4, and H^/D = 4 are provided in Figure 18. For this test con- 
dition with = 0.1915, data reveals the jets are impinging on 
the opposing test section wall. The mixing in both the radial and 
transverse directions is substantially enhanced farther down- 
stream as compared to Test 2 with S/D = 2 (Figure 14) . 

An optimum dilution orifice spacing is quite important to 
achieving the deaired radial profiles. The profiles from Test 2 
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(Figure 14) and Test 4 (Figure 18) clearly illustrate this impor- 
tance. The amount of dilution air in Test 2 is approximately 
twice that of Test 4. At the same values of orifice diameter and 
J, Test 2 provided a hub-peak (hot near the bottom wall) profile, 
whereas in Test 4 a tip-peak profile was achieved. 

The predicted results for Test 4 are presented in Figure 19. 
Initially the correlations underpredict jet penetration, but far- 
ther down, jet impingement is predicted to occur between 1.0 and 
1.5 H^. The predicted radial j;>rofiles are in good agreement with 
the data at X/H = 2.0. 

In the next four tests, the effects of H^D parameters on the 
mixing characteristics were studied. In these tests, the jet ori- 
fice diameter was reduced to 1.27 cm and the channel height was 
unchanged. The resultant value of H^D was 8. 

The measured theta distributions for Test 5 with uniform T_., 

m 

J = 25.32, S/D = 2, and H^/D = 8 are presented in Figure 20. This 
orifice plate (01/02/08) is characterized by 12 closely spaced, 
small holes (0 = 1.27 cm) and a large duct height to diameter 
ratio. For this plate at a momentum ratio of 25.32, the data shows 
the jets have spread quickly in the transverse direction and no 
individual jet shapes can be identified even at X = 0.75 H^. The 
gradual radial spreading of the contours demonstrates the slow 
radial jet spreading rate. 

The predicted results for Test 5 are included in Figure 21. 
The predicted profiles are in good agreement with the data. The 
theta contour lines in both predicted and measured data are essen- 
tially horizontal, indicating the completeness of the mixing in 
the transverse direction. The predicted radial profiles are in 
very good agreement with the data in the entire mixing region of 
interest. 
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The data for Test 6 with uniform Tj^^, J » 107.8, S/D ■ 2, and 
H^/D 8 are depicted in Figure 22. As observed in the results for 
Test 5, the jet spreading in the transverse direction is nearly 
complete, even at X/H^ » 0.5 compared to 0.75 in the previous test 
with J = 25. The data shows that even for the high momentum ratio 
of 107.8, the jets do not impinge on the opposing wall. This 
results in bottom-hot profiles at all axial planes. 

The predicted results for Test 6 are presented in Figure 23. 
The predicted profiles are in good agreement with the data up to 
X/H = 1.0. Beyond this station, the predictions show different 
trends compared to the data. 

The measured data for Test 7 with uniform T., J « 26.3, S/D > 

nt 

4, and H^/D - 8 are portrayed i.n Figure 24. In this test, an 
orifice plate with six holes of 1.27-cm diameter was used. For 
this test condition, the data shows that at X/H « 0.5, the two jets 
are separately identifiable. The two jets spread in the trans- 
verse direction gradually as X/H^ increases. The gradual spreading 
of the contours in the radial direction with increasing X/H^ 
describes the radial mixing characteristics. The mixing charac- 
teristics for this orifice plate (01/04/08) are similar to that of 
orifice plate 01/02/04 (compare Figures 14 and 24) at the same 
momentum ratio, J. 

The predicted results for Test 7 are presented in Figure 25. 
The predicted profiles are in good agreement with the data. With 
increasing hole spacing (S), the jet penetration is increased, as 
was shown previously for the 2.54-cm orifice diameter. 

Figure 26 portrays the measured data for Test 8 with uniform 

T , J * 109.0, S/D * 4, and HVD « 8. For this momentum ratio, the 
m o 

data reveals that the jets impinge on the opposite wall at X/H^ « 
0.5. The contour plots show significantly enhanced radial and 
transverse directions at stations farther downstream. It may be 
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recalled that for a comparable J value no impingement was observed 
with orifice plate 01/02/08, again indicating an increase in pene- 
tration with increasing S/D. The predicted results for Test 8 are 
presented in Figure 27. The predictions underestimate the jet 
penetration at X/H^ =0.5 and 0.75. Jet impingement is predicted 
at X/Hq » 1.0, while the data shows jet impingement at X/H^ = 0.5. 
A similar trend was also observed for orifice plate 01/04/04. 

The next four tests demonstrate the effect of density ratio. 
In these tests, a cold mainstream and hot jets were used. Tests 
were conducted with all four orifice plates and uniform mainstream 
temperature distribution. 

Figure 28 portrays the measured data for Test 9 with heated 
jets at J = 31.0, S/D *2, and H^/D = 4. Comparison of these data 
with the results for cold jets at a comparable momentum ratio, J, 
and the same S/D and H^/D (Figure 14) reveals very similar 9 dis- 
tributions. 

The predicted results for Test 9 are presented in Figure 29. 
It is emphasized that the NASA/Aerojet correlations do not explic- 
itly include the effects of density ratio since it was considered 
to be of second order in magnitude. However, the density ratio is 
taken into account in determining the nondimens ional equilibrium 
temperature, which is used for predicting the theta distribu- 
tion. Comparison between Figures 29 and 15 shows very nearly the 
same type of profiles. These comparisons reveal the effect of 
density ratio on the jet mixing characteristics is relatively 
weak^ 


Test 10 was performed with heated jets at J * 30.64, using 
orifice plate 01/04/04 (S/D = 4, H^/D = 4) . The measured theta dis- 
tributions for Test 10 are depicted in Figure 30. For this case, 
jet impingement is observed at X/H^ = 1.0. At X/H^ = 0.5 and 0.75, 
the jets are separate. Beyond the point of impingement, an 
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enhanced mixing in radial as well as transverse direction is 
evident. 

The predicted results for Test 10 are provided in Figure 31. 
The predicted profiles are in good agreement with the data. Com- 
parison of this figure with Figure 19 shows that for a comparable 
momentum ratio, jet impingement on the opposite wall is observed 
with cold jets even at X/H^ * 0.5. However, the $ profiles for hot 
and cold jet cases are very similar. 

Figure 32 shows the data for Test 11 with hot jets, J = 
30.19, S/D = 2, and H^/D * 8. The jet spreading in transverse 
direction is faster compared to that in the radial direction. 

The predicted results for Test 11 are presented in Figure 33. 
The predicted 6 profiles are in good agreement with the data 
although the predicted 6 values are slightly higher than the mea- 
sured values. Notwithstanding this difference, which is of 
second-order magnitude, the correlations show the same nature of 
jet mixing characteristics as the data. The data for this case 
are very similar to the characteristics for cold jet injection 
(Figure 20) . 

The measured theta distributions for Test 12 with heated 
jets, J « 30.53, S/D »• 4, and H^/D = 8 are presented in Figure 34. 
The data shows the presence of two individual jets at X/H^ = 0.5. 
The two jets mix well with each other rapidly, and at X/H^ = 1.5, 
the mixing is nearly complete, as indicated by nearly horizontal 
contour lines. The radial jet spreading rate is slower compared 
to that in the transverse direction. 

The predicted results for Test 12 are presented in Figure 35. 
The predicted profi?^es have the same shape as the data, and the 
predicted 0 values are slightly higher than the measured values. 
The 6 distributions for heated jets are quite similar to that for 
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cold jets, indicating a weak influence of density ratio on jet 
mixing characteristics. 

The first 12 tests presented thus far cover the Series 1 
tests. In analyzing these tests, the parameter, orifice spacing (S) 
to duct height (H) ratio, S/H, was considered only implic- 
itly. For the orifice plate 01/02/08, S/H * 0.25, while S/H = 0.5 
for orifice plates 01/02/04 and 01/04/08 and S/H * 1.0 for orifice 
plate 01/04/04. From the results presented in this paragraph 
(5.1), it is seen that the transverse or lateral mixing is 
enhanced as S/H decreases. Furthermore, the jet penetration is 
increased with increasing value of S/H. As reported in Refer- 
ence 2, the coupling of J and S/H parameters is thus an important 
criterion for describing the jet penetration and mixing character- 
istics. 

5.1.1 Conclusions for Series 1 Tests 


The Series 1 tests were conducted with constant duct height 
and uniform cross-flow temperature distribution. Four different 
orifice plate geometries were used to study the jet mixing charac- 
teristics. From these test data, the following conclusions are 
made: 

o A good agreement between the present data and previous 
data and correlations (References 1 through 4) has been 
obtained. 

o The jet penetration distance increases with 

increasing momentum ratio (J) and orifice diameter (D) . 

o For a given duct height to di ameter ratio (H^D) , the 

lateral mixing, that is, the jet spreading rate in the 
transverse direction, is enhanced with increasing 
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momentum ratio, J, and decreasing spacing to diameter 
ratio, S/D. 

o For a given S/D, the lateral mixing Is Increased with 
Increasing J and H^/D. 

o The radial mixing, that Is, the jet spreading rate In the 
vertical direction. Is enhanced with Increased jet pene- 
tration. This Is highlighted In the case of jet 
Impingement on the opposite wall. 

o The penetration of a hot jet In a cold cross-flow Is 
very similar to that of a cold jet In a hot cross-flow 
at constant J. Although the hot jet penetration is 
slightly smaller (less than 5 percent) than the cold jet 
penetration at X/H^ = 0.5, the differences are minimal 
farther downstream. Th«> density ratio effects are, at 
best, of second-order magnitude and can be neglected for 
a first-order approximation, provided the m^entum 
ratio values, J, are the same. 

o The NASA/Aerojet correlations are accurate to first 
order and provide a useful tool for predicting the jet 
thermal centerline trajectory and temperature profiles. 
The temperature profiles are well described by the cor- 
relations except very close to the jet injection plane, 
especially when jet impingement occurs. 

5.2 Series 2 Tests 


The objective of this series of tests was to investigate the 
interaction of the jets with a non-uniform cross-flow temperature 
distribution In a constant area duct. A non-uniform mainstream 
temperature profile is generated by using the profile generator as 


27 



/ 


ORIGINAL PAGE IS 
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described in Section 3.0. Six tests were conducted in Series 2 
with orifice geometries and nominal flow conditions as listed in 
Table IV. 
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Tests 13 through 16 were conducted with the mainstream tem- 
perature profile cold near the jet exit plane (top) and hot at 
the bottom of the duct. These test conditions are referred to as 
"top cold". 

Tests 17 and 18 were conducted with an inverted temperature 
profile: hot at the top and cold at the bottom. These two test 
conditions are identified as "top hot". 


The temperature 
depicted in Figure 36, 


profiles used for these six tests 
in a nondimensionalized form, 

P 


0p(y) 


T 

max 


T 

max 



(y) 

j 


are 


where 


T - Maximum value of the profiled mainstream stagnation 
max 

temperature 

(y) “ Local value of the mainstream star.,acion temperature 
upstream of the jet injection plane. 
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Jet stagnation temperature. 


The nondimensionalized temperature variable, e, represents 
the ratio of the actual temperature change due to the dilution 
jets to the maximum possible temperature change for any given flow 
condition. Consequently, the value of 6 will always be between 0 
and 1. For Series 2 tests, the maximum possible temperature 
change is - Tj). Thus, the definition of 6 is modified for 
the tests with profiled mainstream as 


<’^max - 
(^max - 

where T is the local temperature in the mixing region. To be con- 
sistent with this definition of theta, the NASA/Aerojet correla- 
tions were also modified. Details of the modifications are 
included in Paragraph 6.1. 


The measured theta distributions for Test 13 with top cold 
profile, J » 22.63, £/D * 2, and H^/D « 4 are presented in 
Figure 37. An extent of the radial and lateral jet spreading 
rates can be obtained from the distortion and spreading of the 
contours. 


Frr Test 13, at X/H^ = 0.5, two distinct jets can be asso- 
ciated with the dip in the contours around the jet injection loca- 
tions. However, at X/H^ = 1.0 and farther downstream, the concour 
lines tend towards a horizontal line, indicating a tendency 
towards complete lateral mixing. It is also interesting to note 
that once the contour lines become nearly horizontal, the spread- 
ing in the radial direction is enhanced. 

Figure 38 portrays the predicted theta distributions for 
Test 13. The predicted results were obtained by superposing the 
mainstream theta profile, 0 p(Y), on the NASA/Aerojet correlations 
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for uniform mainstream temperature. Detailed descriptions of 
these correlations are provided in Paragraph 6.1. The predicted 
theta profiles are not in good agreement with the data, although 
they show the same qualitative profiles. This suggests that the 
superposition method is perhaps valid if a suitaole scaling 
parameter is employed for the profiled mainstream theta, 

The measured theta distributions for Test 14 with top cold 
profile, J ■ 7.5, S/D * 4, and H/D ■ 4 are presented in Figure 39. 
In these figures, the modulation of the 9 contours around the 
location of the jets is evident. Comparison of these figures 
with those in Figure 37 shows a substantial reduction in both 
lateral and radial mixing. This is largely aue to the lower 
J value and a higher S/H^ ratio. 

The predicted theta distributions for Test 14 are presented 
in Figure 40. The predicted profiles seem to overestimate the 
lateral mixing, while the jet centerplane radial profiles are in 
qualitative agreement with the measured profiles. It is also 
interesting to note that the major part of the differences between 
the data and correlations is in the region where the profiled 
mainstream temperature is cold (near the top for this test case) . 

The data for Test 15 are depicted in Figure 41. This test 
was conducted with cop cold profile, J « 109.9, S/D * 2, and H^/D = 
8. The 9 contours are nearly flat, even at X/H^ *0.5, indicating a 
high lateral mixing. The gradual movement of the contour loca- 
tions toward the top wall provides an idea of the relatively slow 
jet spreading rate in the radial direction. The dominance of the 
mainstream profile is clearly seen in the isometric plots. 

The predicted results for Test 15 are portrayed in Figure 42. 
The predicted contours are horizontal lines, indicating the high 
lateral mixing rate. The radial profiles between the data and 
correlations are again in qualitative agreement. 
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Figure 43 depicts the measured theta distributions for 
Test 16, with top cold profile, J = 22.55, S/D = 4, and H^/D = 8. 
At X/H = 0.5, the d contours are modulated by the jet and these 
distortions are gradually smoothed out farther downstream. The 
spread of the contours in the radial direction is gradual, 
indicating a slow radial mixing rate. 

The predicted results for Test 16 are presented in Figure 44. 
The radial profiles are in good agreement near the bottom and in 
qualitative agreement near the top. This trend was also noted in 
Tests 13 through 15. 

The next two tests were conducted with an inverted mainstream 
temperature profile, namely, hot at the top and cold at the bot- 
tom. Figure 45 portrays the measured results for Test 17 with top 
hot mainstream temperature profile, J = 22.14, S/D = 2, and H^/D = 
4. The isometric plots show the dominance of the profiled main- 
stream. At X/H_ = 0.5, the distortion of the 6 contours around the 
o 

jet injection indicates the extent of jet penetration. These dis- 
tortions are smoothed out at X/H^ = 1.5. The radial mixing charac- 
teristics are seen from the relatively rapid changes in the con- 
tour locations in the radial direction. 

Figure 46 portrays the predicted theta distributions for 
Test 17. The predicted profiles are in good agreement with the 
data, especially at X/H^^ = 0.5. It is also interesting to note 
that the differences in the profiles between data and correlations 
are more pronounced in the colder part of the duct (near the bottom 
in this test case) . 

The measured theta distributions for Test 18 with top hot 
mainstream temperature profile, J = 27.69, S/D = 4, and H^/D = 8 are 
presented in Figure 47. As observed in the previous test case. 
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the lateral mixing appears to be rapid. The dominance of the pro- 
filed mainstream on the theta distribution throughout the mixing 
region is seen clearly in the isometric plots. 

Figure 48 presents the predicted theta distributions for 
Test 18. The predicted profiles are in good agreement with the 
measurements, especially at stations closer to the jet injection 
plane (X/H^ = 0.5 - 1.0) . 

5.2.1 Conclusions for Series 2 Tests 


Series 2 tests consisted of six tests with constant height 
duct and profiled mainstream temperature distribution. The main- 
stream temperature profiles employed included both top cold and 
top hot profiles. Four orifice plate configurations were used to 
study the jet mixing characteristics. The following conclusions 
are made from these tests: 

o A new definition for nondimensional temperature, 6, is 
needed for analyzing the jet mixing characteristics. 

o The jet spreading characteristics with profiled main- 
stream are very similar to those with uniform mainstream 
temperature profile. 

o The radial temperature profiles in the mixing region are 
strongly influenced by the mainstream profiles upstream 
of the jet injection plane. 

o The superposition procedure used for modifying the 
NASA/Aerojet correlations is reasonably good. This is 
seen from the good qualitative agreement between the 
data and correlations. Some of the differences in the 
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agreements may be due to the distortion of the main- 
stream temperature profile downstre^un of the jet injec- 
tion plane. These differences between correlations and 
data can be reduced by using an appropriate scaling 
parameter on the superposition scheme employed. 

5.3 Series 3 Tests 


The objective of the Series 3 tests was to investigate the 
penetration and mixing characteristics of cold dilution jets 
injected into an isothermal cross-flow in a converging duct. 
These tests can be divided into two segments based upon the geo- 
metry of the convergent ducts: 

o Symmetric convergence (Test Sections II and IV) 

o Asymmetric convergence (Test Sections V and VI) 

For each of the test sections, two orifice plates (01/02/04 
and 01/04/08) were used, and two mcxnentum ratios were selected for 
each orifice plate. A total of 16 tests were performed in 

Series 3 with orifice geometrical description and nominal flow 
conditions as listed in Table V. Tests 19 through 26 were con- 
ducted with symmetrical convergence, and Tests 27 through 34 were 
conducted with an asymmetrically convergent test section. All the 
convergent test sections used in these tests (shown in Figure 5) 
have the same area ratio, = 2, where A^ is the duct areo at 

the jet injection plane and is the minimum area of the duct. 

The results for symmetric convergence are presented in Paragraph 
5.3.1 and for asymmetric convergence in Paragraph 5.3.2. 

5.3.1 Symmetric Convergence Test Sections 

The two symmetric convergence test sections used in these 
tests were Test Sections II and IV. (See Figure 5.) Uniform 
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mainstream temperature and velocity profiles were generated at the 
jet injection plane. All these test sections have a duct height 
(H^) of 10.16 cm at the jet injection plane. 

Test Section II is a symmetrically convergent duct with 
channel height reduction from 10.16 cm (4 in.) to 5.08 cm (2 in.) 
over a length of 20.32 cm (8 in.). Test Section IV has a channel 
height reduction from 10.16 cm (4 in.) to 5.08 cm (2 in.) over a 
length of 10.16 cm (4 in.). 

Since the Series 3 tests were performed with uniform main- 
stream temperature profiles, the definition of theta needed for 
analyzing these data is identical to those used in Series 1, 
namely. 
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where 


a Mainstream stagnation temperature 

T a Local stagnation temperature 

Tj a Jet stagnation temperature 

The measured theta distributions for Test 19 with Test Sec- 
tion II, J a 27.09, S/D a 4 ^ and H^/D » 8 are portrayed in Fig- 
ure 49. For Test Section II, the jet injection angle is 
97.1 degrees and measurements were made at four axial planes. For 
orifice plate 01/04/08, the measurements were taken at 
X/Hq a 0.25, 0.5, 1.0, and 2.0. Figure 49 shows the presence of 
two distinct jets at X/H^ * 0.25 and 0.5. At X/H^ = 1.0, the two 
jets begin to diffuse w’th each other and at X/H^ =2, the contour 
lines are almost horizontal, indicating nearly complete mixing in 
the lateral direction. 

Comparison of Figures 49 and 24 reveals the effect of conver- 
gence on the jet mixing characteristics. These two figures cor- 
respond to the same orifice configuration at a comparable momentum 
ratio. For both cases, the jet centerline is located at about 
50 percent of local channel height at X/H^ * 0.5 and 1.0. The jet 
spreading rate in the radial direction is significantly faster in 
the convergent duct than in the constant area duct. The jet 
spreading rates in the transverse direction for the two cases are 
nearly the same. 

The predicted theta distributions for Test 19 were obtained 
by modifying the NASA/Aerojet correlations for a convergent duct. 
In a convergent duct, the local mainstream velocity, V^^^CX), 
increases with X according to the relation 

A_ 

Vo ■ A(X) 
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where is the duct cross-sectional area at the jet injection 
plane, A(X) is the local duct cross-sectional area, and is the 
mainstream velocity at the jet injection plane. For low Mach num- 
bers, the density variation with X can be neglected. Thus, the 
equivalent momentum ratio at any axial station can be expressed 
as: 

p.V.^ ^jV.^ 

j — 

%V<*> PmV '’mW 

■ ■. (*e) ’ 

where is the momentum ratio at the jet injection plane. Pre- 
dictions for convergent ducts were obtained by using the equiva- 
lent momentum ratio, in the NASA/Aerojet correlations. These 

results are presented in Fig are 50 for Test 19. The predicted 
radial theta profiles are in very good agreement with the data at 
X/H = 0.25 and 0.5. The agreement between data and correlations 
is qualitatively good at X/H^ = 1.0 and X/H^ = 2.0. The acceler- 
ating flow in the convergent duct enhances mixing in radial and 
transverse directions. Although the correlations correctly pre- 
dict the jet penetrations, the enhanced mixing due to convergence 
is not properly taken into account. 

Figure 51 illustrates the measured theta distributions for 
Test 20 with Test Section II, J = 102.5, S/D = 4, and H^/D = 8. 
For this condition, the jets impinge on the opposite wall even at 
X/H = 0.25, followed by a rapid mixing in the transverse direc- 
tion. The theta distributions for this case are similar in char- 
acteristics to those with constant area duct. (See Figure 26.) 

The predicted results for Test 20 are presented in Figure 52. 
The predicted profiles are in very good agreement with the data at 
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X/Hq =1.0 and 2.0. In regions closer to the jet injection plane, 
the jet penetration is underpredicted. It is recalled that even 
in Series 1 test cases, the NASA/Aerojet correlations underpre- 
dicted the jet penetrations for high momentum ratios. 

The measured theta distributions for Test 21 are shown in 
Figure 53. Test 21 was performed with Test Section II, J = 6.7, 
S/D = 2, and H^D = 4. For this orifice plate, measurements were 
taken at X/H^ = 0.5, 0.75, 1.0, and 2.0. At the momentum ratio of 
6.76, the jets penetrate to about Y/H * 0.4 at X/H^ = 0.5 and 
gradually diffuse in radial and transverse directions. The radial 
mixing rates in this case are slightly faster than that with 
uniform duct height at the same momentum ratio. (See Figure 12.) 

The predicted results for Test 21 are presented in Figure 54. 
The predicted theta profiles are in good agreement with the data 
at X/H^ = 0.5. Beyond this station, the predicted theta values 
are slightly larger, but the shapes of the d profiles are cor- 
rectly predicted. 

The measured theta distributions for Test 22 with Test Sec- 
tion II, J = 26.07, S/D = 2, and H^D = 4 are illustrated in Fig- 
ure 55. For this momentum ratio, the jet penetration is about 
60 percent of the local duct height at X/H^ = 0.5, the jets grad- 
ually diffuse deeper, and at X/H^ = 2.0, the jet centerline is 
located near Y/H = 1.0. 

The predicted theta values for Test 22 are portrayed in Fig- 
ure 56. The predicted radial profiles are in good agreement with 
the data, especially in regions close to the jet injection plane. 
The predicted theta values are slightly higher than the measured 
values although the profile shapes are correctly predicted. 

The next four test cases correspond to the measurements taken 
with Test Section IV. The measured theta distribution with Test 
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section IV, J » 21.07, S/D ■ 4, and Hq/D ■ 8 are presented in Fig- 
ure 57. At X « 0.25, two separate jets are observed which rapidly 
diffuse in the lateral direction. For Test Section IV, the jets 
are injected at an angle of 104 degrees. The upstream component 
of the jet momentum tends to enhance the mixing in both radial and 
transverse directions. 

Comparison of Figures 57 and 49 shows the effects of 
different convergence rates. For Test Section IV, at X/H^ * 1, 
the area ratio, A^A, is 2.0. For Test Section II, at X/H^ « 1, 
the area ratio, A^/A, is 1.33. With increasing convergence rate 
(area ratio) , jet penetration is also increased. Furthermore, the 
lateral jet spreading rate is increased with increasing area 
ratio. 

The predicted results for Test 23 are presented in Figure 58. 
The predicted distributions are at best in qualitative agreement 
with the data. The correlations underpredict the jet penetration. 
Some of these differences are due tc the effects of jet injection 
angle, which are neglected in the correlations. Furthermore, the 
predicted theta values are slightly higher than the measured 
values. 

The measured theta distributions for Test 24 with Test Sec- 
tion IV, J - 85.84, S/D = 4, and H^/D = 8 are presented in Fig- 
ure 59. For this momentum ratio, the jets impinge on the opposite 
wall, followed by an enhanced lateral mixing. Figure 60 illus- 
trates the predicted theta profiles for Test 24. The predicted 
profiles are in poor agreement with the data. The correlations 
under predict the jet penetration. 

The measured theta values for Test 25 with Test Section IV, J 
= 6.73, S/D * 2, and H^/D * 4 are shown in Figure 61. For the low 
momentum ratio of 6.73, the jets penetrate up to about 40 percent 
of the local channel height. The mixing in the transverse direction 
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is very slow, as evidenced by the contour shapes. The predicted 
results for Test 25 are portrayed in Figure 62. For this case, 
the correlations overpredict the penetration and the predicted 
theta values are significantly higher than the measured values. 

Comparison of Figures 61 and 53 shows that the mixing charac- 
teristics for Test Section IV are very similar to that of Test 
Section II. 

The data for Test 26 with Test Section IV, J ■ 26.73, S/D ■ 
2, and H^/D = 4 are illustrated in Figure 63. In this case, the 
jets penetrate up to about 65 percent of the channel height at 
X/Hq =0.5 and gradually reach the bottom wall at X/H^ = 1.0. The 
individual jet contours are clearly seen until the jet centerline 
reaches the opposing wall. The predicted results for Test 26 are 
presented in Figure 64. The predicted profiles are in good quali- 
tative agreement with the data. The predicted theta values are 
higher in magnitude compared to the measured theta values. The 
jet mixing characteristics for this case are very similar to those 
with Test Section II. (See Figure 55.) 

5.3.2 Asymmetric Convergence Test Sections 

The following eight tests (Tests 27 through 34) were per- 
formed with asymmetric Test Sections V and VI. Test Section V is 
a duct with rectangular cross-section with a flat wall on one side 
and a slant wall on the opposite side, such that the channel 
height reduces from 10.16 cm (4 in.) to 5.08 cm (2 in.) over a 
length of 10.16 cm (4 in.). The jets are injected frcm> the flat 
wall (jet injection angle is 90 degrees) . 


I 

i 


Test Section VI has the same geometry as Test Section V, but 
the jets are injected from the slant wall. The geometry of the 
test sections is illustrated in Figure 5. 
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The tests with asymmetric converging ducts were performed 
with orifice plates 01/02/04 and 01/04/08, with two momentum 
ratios for each orifice plate as listed in Table V. Measurements 
were made at X/H^ ■ 0.25, 0.5, and 1.0 with orifice plate 01/04/08 
and at X/H^ ■ 0.5, 0.75, and 1.0 with orifice plate 01/02/04. 

The measured theta distributions with Test Section V, J > 
27.18, S/D » 4, and H^/D » 8 are portrayed in Figure 65. At X/H^ * 
0.25, the jet centerline penetration is at about Y/H - 0.5 and the 
jet gradually penetrates farther with increasing X/H^, but does 
not reach the opposite wall. 

Figures 57 and 65 provide a comparison between the jet mixing 
characteristics for symmetric convergence and asymmetric conver- 
gence with flat wall injection. These two figures show nearly the 
same theta distribution at all X/H^ locations. This suggests that 
the jet mixing characteristics for flat wall injection are almost 
identical to that in a symmetrically convergent duct at the same 
orifice and flow conditions. 

The predicted results for Test 27 are presented in Figure 66. 
The predicted profiles are in very good agreement with the data 
except at X/H^ ■ 1,0. The theta values predicted are slightly 
higher than the measured values at most of the axial stations. 

The measured theta values for Test 28 with Test Section V, J 
= 106.7, S/D = 4, and H^/D = 8 are presented in Figure 67. For 
this momentum ratio, the jets impinge on the opposite wall at X/H^ 
= 0.25. The jets mix rapidly in both radial and transverse direc- 
tions. The jets merge with each other at X/H^ = 0.5. The pre- 
dicted results for Test 28 are shown in Figure 68. The predicted 
theta radial profiles are in good agreement with the data. 

In this test case, measurements were made only op to Y/H » 
0.75 at X/H^ « 0,25. However, the contour plots for these cases 
were obtained by using extrapolated values beyond that region. 
The extrapolated values were obtained by using a cubic spline 
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curve fit. This was done only for the purpose of clarity in 
presenting the data. 

Comparison of Figures 67 and 59 shows that the asymmetric 
convergence with flat wall injection has the same theta distribu- 
tion as the symmetric convergence with the sa’* area reduction. 

The test results for Test 29 with Test Section V, J ■ 7.07, 
S/D s 2, and H^/D » 4 are illustrated in Figure 69. At this low 
m(»nentum ratio, the jets remain separate as far downstream as X/H^ 
= 1.0. The radial and lateral mixing rates are quite slow as 
evidenced by the shape and size of the contours. The predicted 
results for Test 29 are presented in Figure 70. The predicted 
radial profiles are in qualitative agreement with the data, and 
the predicted theta values are signif ican':ly higher than the mea- 
sured values. This trend has been observed for most of the 
Series 3 tests. Furthermore, the predicted jet penetrations are 
slightly deeper than that seen from the test data for this case. 
The theta distributions for this test case are very similar to 
those with symmetric convergence. (See Figures 61 and 69.) 

The measured theta values for Test 30 with Test Section V, J 
* 27.31, S/D « 2, and H^/D » 4 are presented in Figure 71. At X/H^ 
B 0.5, the jets penetrate up to about 65 percent of local channel 
height and they gradually reach the opposite (slant) wall at 
X/H^ s 1. The jet spreading rate in the radial direction appears 
to be faster than that in the transverse direction. The predicted 
theta distributions for Test 30 are portrayed in Figure 72. For 
this test condition, the predicted and the measured radial pro- 
files are in good agreement at X/H^ » 0.5 and are in only qualita- 
tive agreement farther downstream. As observed in the other test 
cases in Series 3, the predicted theta values are slightly higher 
than the measured values. Figures 71 and 72 show distributions 
very similar to those in Figures 63 and 64. This rc-cmphasizes 
the similarity in the jet mixing characteristics of Test Sec- 
tions IV and V. 
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The following four test cases were taken with Test Sec- 
tion VI, where the dilution jets were injected fccMn the slant 
test section wall. The jet injection angle for these cases is 
106.6 degrees. The jets are injected in the upstream direction, 
a«*d are expected to alter the mixing characteristics compared to 
the 90-degree injection case associated with Test Section V. Com- 
parison of the data for these two test sections provides infor- 
mation about the mixing characteristics at two different injection 
angles with asymmetric convergence. 

The measured theta distributions for Test 31 with Test Sec- 
tion VI, J » 26.59, S/D ■ 4, and H^D ■ 8 are given in Figure 73. 
At X/H^ « 0.25, the jet penetration is at about 60 percent of 
local duct height and the penetration gradually increases farther 
downstream. The lateral mixing is significantly higher for this 
test section compared to that with Test Section V. (See Figure 
65.) This is primarily due to the upstream injection. 

The predicted theta distributions for Test 31 are portrayed 
in Figure 74. The correlations underpredict the jet penetration 
and overestimate the theta values compared to the measurements. 
The correlations do not properly account for the effects of the 
jet injection angle, which is primarily responsible for the poor 
agreement with the data. 

Ccxnparison of Figures 74 and 66 reveals that the correlations 
predict the profiles more accurately for flat wall injection than 
for slant side injection. Furthermore, it is seen that the jet 
penetration with slant side injection is deeper than that 
with flat wall injection. 

The measured data for Test 32 with Test Section VI, J > 
107.8, S/D ■ 4, and H^/D « 8 are illustrated in Figure 75. For 
this momentum ratio, the jets impinge on the opposite (flat) wall. 
A comparison of Figure 75 with Figure 67 for flat wall injection 
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at a comparable momentum ratio shows that with the slant well 
injection, the jet spreading rate in the transverse direction is 
significantly faster, while the radial jet spreading rates are 
nearly the same. The predicted results £.>r Test 32 are illus- 
trated in Figure 76. The correlations underpredict the penetra- 
tion at X/H^ « 0.25 and 0.5, and the agreement between data and 
correlations is poor. At X/H^ ■ 1.0, the agreement between the 
two center plane profiles is very good. 

Figure 77 illustrates the data for Test 33, with Test Sec- 
tion VI, J * 7.05, S/D ■ 2, and H^/D - 4. The jets penetrate to 
about 40 percent of the duct height at X/H^ * 0.5 and the jet cen- 
terline and gradually return to the injection wall. Comparison 
of this figure with Figure 69 shows that for slant wall injec- 
tion at J * 7.05, the lateral jet spreading rate is slightly 
faster than that for flat wall injection. The radial jet spread- 
ing rates are not significantly different between these two cases. 
The predicted results for Test 33 are portrayed in Figure 78. The 
predicted jet penetrations are slightly deeper than the measured 
ones and the predicted theta values are higher than the measured 
values. The correlations are, however, in good qualitative agree- 
ment with the data. 

The data for Test 34, with Test Section VI, J * 26.4, S/D » 
2, and H^/D = 4 are illustrated in Figure 79. At X/H^ * 0.5, the 
jets penetrate up to about 70 percent of the local duct height and 
reach the opposite (flat) wall at X/H^ » 0.75. Co'-paring this 
test case with Test 30 (Figure 71) shows that the lateral mixing 
is enhanced with slant wall injection. The mixing in the radial 
direction is accelerated after the jet centerline reaches the 
opposite wall. The predicted theta values for Test 34 are por- 
trayed in Figure 80. The correlations slightly underpredict the 
jet penetration and overpredict the theta values. The higher 
theta values are a result of underestimating the mixing rate in 
the correlations. 
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5.3.3 Conclusions for Series 3 Tests 


Interactions between a row of jets with cross-flow in a con- 
vergent duct were studied. Two geometric orifice configurations 
and two flow conditions for each convergent duct were considered. 
Symmetric and asymmetric convergent test sections with uniform 
mainstream temperature and velocity profiles were used in Series 3 
tests. The following conclusions are drawn from th«se tests: 

o Mixing is generally enhanced by flow area convergence. 
The jet spreading in radial and transverse directions 
occurs within a shorter distance from the jet injection 
plane than in the case with a constant area duct. 

o The 3 et penetration is slightly reduced in symmetric 
convergence Test Section II compared to those in a 
constant cross-sectional area duct. For Test Sec- 
tion IV, the jets are injected upstream at a higher 
angle toward a re> 3 ion of higher cross-sectional area, 
where the mainstream velocities are lower. Regions of 
lower mainstream velocities can be associated with a 
higher apparent jet momentum ratio and hence the jet 
penetration in t’lose regions is deeper. 

o For asymmetric Test Section V with flat wall injection, 
the jet mixing characteristics are the same as those of 
the symmetric convergent Test Section IV. 

o In the asymmetric Test Section VI with slant wall 
injection (jet injection angle of 116.6 degrees), the 
mixing in the transverse direction is significantly 
enhanced ;hile the radial mixing is very similar to that 
with flat wall injection. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

o The modified NASA/Aerojet correlations with equivalent 
momentum ratio (J-_) yield qualitatively good compari- 
son with the data. However, the predicted theta values 
are higher than the measured values. The differences 
between the two results are larger with increasing jet 
injection angle. Further refinements in the correla- 
tions are needed to improve the agreement between data 
and correlations. 

5.4 Series 4 Tests 


The objective of these tests was to study the combined 
effects i>f flow area convergence and profiled mainstream tempera- 
ture. These tests were taken with Test Section V (flat wall 
injection) and with orifice plate 01/04/08. Both top cold and top 
hot profiles were employed with two momentum ratios for each pro- 
file. The test configuration and flow conditions employed in this 
series are listed in Table VI. Measurements were taken at two 
axial stations, X/H^ « 0.25 and 1.0. 


TAftLI VI. mili 4 TUT CONriQURATtOItt AND TUM COWIITtONt 


T««t 

No. 

Oriflc* 

DlA(D) 

(OS) 

•/D 




~ ""jtr- — ■ 

MoaontuA 

lAttO 

J 

Oooiilty 

Ratio 

DMRATIO 

■luillbriuN 

Tmp 

TNU 

loQton 
or AiUl 
Plroction 
(X/N^J 

iktauroAonta Tn 
TranavatM 
D1 root ion 
»/• 

VMAIN 

(k/aoc) 

iSip. 

7MA1N 

_1!eL 

VJIT 

Tt»p.~ 

WIT 

JSL 

IS 

1.17 

4.0 

1.0 

U.7 

441 

70.0 

101 

24.0 

1.04 

0.100 

0.24 to 1.0 

0.0 to 

1.0 

Ji 

1.27 

4 0 

0.0 

10. • 

441 

119.1 

104 

109.0 

2.01 

0,177 

0.24 to 1.0 

0,0 to 

1.0 

37 

1.27 

4.0 

i.O 

14 0 

417 

40.7 

119 

0.4 

1.32 

0.044 

0.24 to 1.0 

0.0 to 

1.0 

II 

1.27 

4.0 

1.0 

14.0 

414 

74.4 

314 

10.2 

1.34 

0.107 

0.24 to 1.0 

0.0 to 

1,0 


As stated in Paragraph 5.2 for the Series 2 tests, the defin- 
ition of theta used to analyze these data in 


a • 


T 

max - T 

_ 

max - Tj 
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where: 

^max ” Maximum temperature of the profiled mainstream. 

T = Local stagnation temperature in the mixing region. 

Tj = Jet stagnation temperature. 

The measured theta distributions for Test 35 with top cold 
profile, J = 26.82, S/D = 4, and H^/D = 8 are depicted in Fig- 
ure 81. The jet penetration in this case is about 40 percent of 
the channel height at X/H^ = 0.25. The jets retain their indi- 
vidual shapes at both X/H^ = 0.25 and 1.0. The mainstream tem- 
perature (top cold) profile seems to inhibit the lateral and 
radial mixing. This is evident by comparing Figure 81 with the 
data for uniform mainstream profile (Figure 65). The predicted 
theta values for Test 35 are portrayed in Figure 32. The predic- 
tions are obtained by superposing the mainstream theta profile 
l6p(y)] on the NASA/Aerojet correlations with equivalent momentum 

ratio, J , in a manner similar to the one described in Para- 
eq 

graph 5.2. The predicted radial profiles along the jet center- 
planes are in qualitative agreement with the data at X/H^ = 0.25 
and in poor agreement with the data at X/H^ = 1.0. 

The data for Test 36 with top cold profile, J = 109.8, 
S/D = 4, and H^/D = 8 are illustrated in Figure 83. At 

X/H^ = 0.25, the jet centerlines are located at about 60 percent 
of local channel height. The mixing in the transverse direction 
is much slower than in the corresponding test case with uniform 
mainstream temperature profile (Figure 67) . The predicted theta 
distributions for Test 36 are presented in Figure 84. The com- 
parison of predicted and measured radial profiles is poor. 

The roea:' red theta distributions with Test Section V, top hot 
mainstream temperature profile, J = 8.51, S/D = 4, and H^/D = 8 
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are depicted in Figure 85. At X/H^ » 0.25, the jets retain their 
individual shapes and mix rapidly in the transverse direction. 
This characteristic is contrary to the trend observed with the top 
cold mainstream profile. The predicted theta values for Test 37 
are portrayed in Figure 86. At X/H^ « 0.25, the agreement between 
data and correlations is good. At X/H^ « 1, the agreement is 
poor. 

The measured theta values for Test 38 with top hot profile, 
J = 30.24, S/D * 4, and H^D = 8 are presented in Figure 87. At 
X/H^ = 0.25, the jets penetrate to about 50 percent of the channel 
height and gradually penetrate to the opposite wall at X/H^ * 1.0. 
The shape and location of the contours indicate enhanced mixing in 
both radial and transverse directions in comparison with those 
with top cold profiles (Figure 81) . The predicted theta distri- 
butions for Test 38 are presented in Figure 88. The correlations 
and data are in good agreement at X/H^ = 0.25, while the agreement 
is poor at X/H^ = 1.0. 

5.4.1 Conclusions for Series 4 Tests 


Confined jet mixing characteristics were studied with flow 
area convergence and profiled mainstream temperature. Four tests 
were performed with orifice plate 01/04/08, including top cold and | 

top hot mainstream temperature profiles. | 

% 

i 

The following conclusions are drawn from the data: j 

o Mixing of the jets in radial and transverse directions 
is inhibited with top cold mainstream temperature pro- 
file and is not significantly affected with top hot pro- 
file when compared to tests with isothermal mainstream 
conditions. 
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o The mainstream temperature profile has a dominant influ- 
ence on the temperature distribution throughout the 
mixing region. 

o The superposition scheme used in the correlations is 
inadequate for predicting the temperature distribution 
with flow area convergence and profiled mainstream. 
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6.0 JET MIXING CORRELATIONS DEVELOPMENT 

A number of empirical and semi empirical methods have been 
developed by various researchers for predicting jet interaction 
with a cross-flow. These models were mostly concerned with jet 
blockage, entrainment, and mixing in the wake region (Refer- 
ences 5, 6, and 7). Empirical models have been proposed for jet 
trajectory, jet spread, and mixing rate. The main differences 
between the various models were in the postulated mechanisms for 
jet entrainment and trajectory. 

Most of the popular approximate predictive techniques (Refer- 
ences 8 through 12) employ integral methods with simplifying 
assumptions introduced for mathematical simplicity. 

One of the unknowns in integral mixing field prediction 
methods is usually the shape of the jet cross section. The com- 
plex jet cross-section geometries are often approximated by 
rectangles, circles, or ellipses for satisfying the conservation 
of mass, momentum, and energy. The second unknown is a velocity 
profile paranieter, which is usually modeled by an appropriate 
similarity assumption. These models are invalid for curved jets. 

The jet deflection is treated in two ways: The first 
approach treats the jet as a solid body and uses discharge coeffi- 
cients for the cylinders or ellipses, together with a pressure 
differential across the jet in the mainstream direction to compute 
the jet deflection. The second approach deals with mass and 
momentum entrained from the mainstream into the jet through 
empirical models and this approach is generally considered to be 
more accurate. The correlations used in this study are the 
NASA/Aerojet correlations, which are described in the following 
paragraph. 
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ORIGINAL PAGE IS 

6.1 NASA/Aerojet Correlations OF POOR QUALITY 

The correlations developed by Holdeman and Walker (Refer- 
ence 2) are based upon experimental data involving a row of jets 
injected into a confined cross-flow. The jet centerline trajec- 
tory is given as: 

Correlations for Predicting the Centerplane Temperature Profiles 
Thermal Trajectory (Centerline) ; 


[cjO _ 0.25 /^\0.14 /H_\0.38 /x \0.17 . _ ,, 

- 0.539 J (5.1) 


where 


b = 


(if (I - E) 


The results for temperature field are presented in nondimen- 
sional form by using 


« - (T„ - T) / (T„ - Tj) 

where T^^^ is the undisturbed mainstream stagnation temperature, T 
is the local stagnation temperature in the mixing region, and Tj 
is the stagnation temperature of the jet. The variable 0 repre- 
sents the ratio of actual temperature change to the maximum pos- 
sible temperature change due to the dilution jets. The centerline 
temperature is correlated by the following expression: 

Centerline Temperature Difference Ratio: 

^c,o ® ^EB 


1.452 


J-0‘35/ 


(^) 


(5.2) 
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where 


f = 1.15 


1 / (i * I) 


ORIGINAL PAGE 19 
OF POOR QUALITY 


and 


0 . 


EB 


m„ T + m . T . 
m m j ] 


The temperature difference ratio, 0 , at any point in the 
flow field is determined from: 


« * «mln * <»c - «Ln> **» 


r 

(■ 


In 2 


'y - y_\2 


w 


1/2 


(5.3) 


where 6 *-^ and are defined as follows: 

mm i/z 

Minimum Centerplane Temperature Difference Ratios; 


min,o 

^c,o 


a 1 - e 


-c 


(5.4) 


where 


0.038 J 


1.62 


(I:) («:) (fc) 


1.1 


0 ' 


min,o 

^c,o 


= 1 - e 


-c 


(5.5) 


where 


c = 1.57 J 


-0.3 


iti) (y 


0.9 


Centerplane Half-Widths: 


W 


1 / 2,0 ^ 

“3 


= 0.162 j' 


(§t) (^) (^) 
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« 0.20 J 


0.15 


ft) ft) ft) 


0.12 


(5.7) 


The half-widths the distance between the jet centerline 

and the location where 6 • ( + ^min^'^^’ 

Correlations for Predicting the Of f-Centerplane Variation of the 
Temperature Profile Scaling Parameters 

Of f -Center plane Penetration 


^ -1 


0,0 


- (§72) 


»-g 


(5.8) 


where 


0.227 j“-" ft) ft) 


0.54 


Of f-Center plane Maximum Temperature Difference Ratio 
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n “X 


' 0,0 


' (5^) 


-d 


(5.9) 


where 


(y ft) 


d = 0.452 J 


0.53 


0.83 


Of f-Center plane Minimum Temperature Difference Ratios and Half- 
Widths 
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(5.10) 
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These correlations provide a useful and reasonably accurate 
prediction of the temperature profiles along the jet centerplanes. 
However, the predicted off centerplane temperature profiles are 
not very accurate and need refinement. Furthermore, the correla- 
tions are inaccurate for high momentum ratios when the jets pene- 
trate to the opposite wall. 

The NASA/Aerojet correlations described in this Para- 
graph (6.1) were derived for a uniform flow area and uniform main- 
stream conditions. When a non-uniform mainstream temperature pro- 
file exists, the NASA/Aerojet correlations for theta, can be 
assumed to represent the changes in the local mainstream tempera- 
ture distribution by dilution jets. In other words, 

®NA “ " T) / (T^(y) - Tj) (5.11) 
Here, represents the results from equation (5.3). 

For flows with non-uniform profiled mainstream, the ratio of 
actual temperature change to the maximum possible temperature 
change due to the jets is obtained from the following definition 
of nondimensionallzed temperature difference ratio: 


where: 


max 




(5.12) 


= Maximum stagnation temperature of the undisturbed 
mainstream profile 

= Local stagnation temperature 

» Jet stagnation temperature. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Using equation (5.12) i the profiled mainstream theta, (y) , 
can be defined as 

■ l^max ‘ / 'Vx ‘ ''j> <5-«> 

From equations (5.11), (5.12), and (5.13) it is seen that 

e^iy) + [1 - 0m(y)l (5.14) 

Equation (5.14) is used to generate the predicted theta 
values for test cases in Series 2 and 4. It is important to note 
that the variation of the nondimensionalized temperature, d, is 
conveniently scaled between 0.0 and 1.0. The nondimensional tem- 
perature distribution, 0^^^, is obtained from the NASA/Aerojet 
correlations (Equation 5.3). 

For test cases with flow area convergence, the following 
modifications are used in obtaining predictions. For converging 
ducts at low Mach numbers, the average mainstream velocity 
increases by the relation 

■ Vo (a^) (5.15) 


where: 

s Average mainstream velocity in the duct at any 
given axial Station X 

'^o 

- Average mainstream velocity at the 
plane (X « 0) 

jet injection 

A(X) 

> Cross-sectional area of the duct 
Station X 

at the axial 


« Cross-sectional area of the duct at 
tion plane (X « 0) 

the jet injec- 
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OF POOR QUALITY 


Thus, 


P^(x)v;(X) 


v2 

0^0 \A(X)/ 


Due to the acceleration induced by the flow area convergence, 
the equivalent jet-to-mainstream momentum ratio is given by 


eq 


P. V? 

3 . J- 


P„(X) V‘(X) 




P 

^o O 


W) 


Thus, 


r , j 

eq o ) 


(5.16) 


Where, is the momentum ratio at the jet injection plane. 

The correlations for convergent ducts are obtained by sub- 
stituting the equivalent momentum ratio, wherever J is used 
in the NASA/Aerojet correlations. This approach was found to 
yield improved results compared to the results obtained from the 
original NASA/Aerojet correlations. However, the correlations do 
not account for the effects of jet injection angle, which have 
been observed to have significant effect on the jet spreading 
rates. Further work on the correlations is required to properly 
account for these effects. 

For test cases with flow area convergence and profiled main- 
stream, the correlations were obtained by combining the procedures 
described for convergent ducts and profiled mainstream. The pre- 
dictions obtained from these correlations are inadequate for 
correctly describing the jet mixing characteristics in Series 4 
tests. This is partly due to the fact that the distortion of the 
mainstream temperature profile (without the jets) by the flow area 
convergence is ignored in the correlations. 
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The NASA/Aerojet correlations, along with the modifications 
suggested in this section, provide an excellent analytical design 
tool for predicting the jet mixing characteristics in the dilution 
zone of a combustor. These correlations were formed to yield 
excellent qualitative agreement (and good quantitative agreement 
in some of the test cases) with the measurements made in this pro- 
gram. Additional work is needed to improve the predictions 
obtained from the correlations. 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 


The tests made in Phase I of the NASA Dilution Jet Mixing 
Program were directed toward better understanding of the mixing 
processes of a row of jets injected into a ducted cross~flow. The 
following conclusions are drawn from these tests: 

o The jet penetration distance increases with increasing 
the momentum ratio, J, and jet orifice diameter, D. 

o The jet spreading rate in the transverse directicr. 
increases with increasing the momentum ratio, J, a . 
duct height to hole diameter ratio, H^d, and decreasing 
the hole spacing to diameter ratio, S/D. 

o The jet spreading in the radial direction is enhanced 
with increased jet penetration. 

o The jet-to-mainstream density ratio, has only a 

second-order effect on the mixing characteristics for a 
given momentum ratio. 

o The temperature distribution in the jet mixing region is 
strongly influenced by the mainstream temperature pro- 
file. The jet spreading rates with profiled mainstream 
are similar to those with uniform mainstream. This sug- 
gests that a superposition principle could be applied to 
predict temperature profiles with profiled mainstream. 

o Jet mixing is generally enhanced by flow area conver- 
gence. The jet penetration is increase-I with increasing 
upstream injection angle. 
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o The jet mixing characteristics with asymmetric conver- 
gence and flat wall injection are similar to those in a 
symmetric convergent test section of the same area 
ratio. 

o The asymmetric test section with slant wall injection 

has a significantly faster jet spreading rate in the 
transverse direction. 

o The radial and lateral jet spreading rates with "top 
cold" mainstream profile and flow area convergence are 
significantly slower compared to those with uniform 
mainstream profile and flow area convergence. The jet 
spreading rates are not appreciably altered with a "top 
hot" mainstream temperature profile. 

o The NASA/Aerojet correlations adequately predict the 

theta profiles for constant area duct and uniform main- 
stream profile. For the case of constant duct with 

profiled mainstream, the superposition o> mainstream 
tbetA profiles on the correlations yield good qualita- 
tive results. An improved scaling parameter is needed 
to obtain a good quantitative agreement with data. 

o The modified NASA/Aerojet correlations with equivalent 
momentum ratio, provide improved predictions of 

nondimensionalized temperature profiles. However, this 
model does not 'roperly account for the effects of jet 
injection angles. 

o For situations involving flow area convergence and pro- 
filed mainstream, the superposition of mainstream tem- 
perature profile on the NASA/Aerojet cul relations is 
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inadequate for predicting the temperature profiles in 
the mixing region. This is mainly due to the decay of 
the mainstream temperature profile due to flow area con- 
vergence. Further work on the correlations is needed to 
improve the predictions. 

The correlations used in this program provide a very useful 
and simple analytical tool for designing the dilution zone of a 
combustor. However, additional work is needed to further refine 
the correlations for convergent ducts and non-uniform mainstream 
conditions. 
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COORDINATE ORIGIN IS LOCATED AT CENTER OF ORIFICE 

Urn- Pm‘ V “ mainstream VELOCITY. DENSITY, AND TEMPERATURE 
Vj. pj, Tj = INITIAL JET VELOCITY, DENSITY, AND TEMPERATURE 
Hq = TF''T-SECTION HEIGHT AT INJECTION PLANE 

= TEST-SECTION HEIGHT AT ANY X-Y PLANE 
= ORIFICE SPACING ALONG Z (TRANSVERSE) DIRECTION 
= ORIFICE DIAMETER 

V Cq D 

Z-rs = TEST-SECTIDN TRANSVERSE DIMENSIDN * 305mm 

Figure 1. Multiple Jet Study Coordinate System and 
Important Nomenclature. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


PROFILE 

GENERATOR 



MECHANISM 


Figure 2. Jet Mixing Rig Schematic. 
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EXHAUST 
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Ao/Amin = 1— i 


I Ao/Amin = 2 



TEST SECTION IV 


TEST SECTION V 


TEST SECTION VI 



X Ho 


r 


FLAT WALL INJECTiOH 

-n- Y/H1 

0 

I wo"' 


-1.0 X/Ho 10 



-1.0 0 1.U 


Figure 5. Jet Mixing Test Sections. = 10.16 cn>. 
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CR a".AL P-^GC 

BLACK AND WHITE PHOTOGRAPH 





REFERENCE 
PLANE TO 

ALL TEST SECTIONS 



Figure 6. Test Section Wall Statics and Thermocouples. 
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a PLATE 01/04/04 


G PLATE 01/02/04 


G PLATE 01 /04/M 


EH PLATE 01/02/08 



Figure 7. Dilution Orifice Plate Conf igut ,it ions . 
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Figure 8. Total Pressure 
Pressure Rake. 


Thermocouple 





black 


ORIGINAL 

whit- photograp 



Figure 9. X-Y-Z Actuator with the Rake Mounted. 
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Figure 10. Jet Mixing Rig as Viewed frout Rig Discharge 
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BUCK AND VVHIIL li-iOrOGRAPH 

















SsO.C^ METERS S/DJ = 2.443 HO/OJ c 4.887 VMRIN s 15.8 M/SEC VJET s 26.0 M/SEC TWIN £ 649.8 K 


MEASURED THETA PROFILES FOR 

TEST NO. 

1, TEST 

SECTION 

I. TMAIN=CONST 

CONTOUR 1 

2 

3 

4 

C 6 

VALUE O.OSOO 

O.IOOO 

0.1759 

0.2000 

0.2500 0.3000 


nw gv oac ot$r. vt 


ORIGINAL PAGE IS 
OF POOR QUALITY 


eoldoui frame 




TWMSVOISC OUT. 1/5 


TIWNSVDinC 018T. 1/5 


MEASURED THETA CONTOURS FOR TEST NO-U TMAIN=C0NS1 























S =0.0508 METERS S/DJ = 2.582 HO/OJ = 5.164 VMflIN = 16.3 M/SEC VJET = 52.0 M/SEC TMflIN = 651.2 K 


ct>-^ 


aM §M \M 



<±>- 




X/HO = 0.500 
X/OJ = 2.58 



ci>-^ 


X/HO = 0.7 iO 
X/DJ = 3.87 


X/HO = 1.00 
X/DJ = 5.16 








MEASURED THETA PROFILES FOR TEST NO. 2. TEST SECTION I. TMAIN=CONST. . J : 


CONTOUR 12345 
VALUE 0.0600 0.1200 0.1800 0.2400 0.2705 






TItfMSVERSE DI8T. Z/8 


nwNsvERse oist. z/s 


TRflNSVERSe OIST. Z/S 


ST NO. 2. TMflIN=CONST^ J=21.o9- S/D=2.0, H/D=4.0 
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CONTOUR 

1 

2 

3 

4 

5 

VALUE 

0.0600 

0.1200 

0.1800 

0.2400 

0.2705 


nWNSVTOE OIST. 2/8 


TRANSVERSE OIST. Z^S 


TRANSVERSE OIST. ^'8 


PREDICTED THETfl CONTOURS FOR TEST NO -2, TMfiIN=CONST, J=21.59 


S/DJ = 2.58 HO/DJ =5.16 VRflTIO = 3.18 TRflTIO = 0.473 UENRRTI0=2.132 TMfllN = 65 


0.50 X/OJ =2.58 


X/H = 0.75 X/DJ =3.87 


X/H=i.00 X/DJ =5.16 


[TrifliN-T)/( rrifliN-Tj) 


(iriRIN~T)/iTf1flIN-TJ) 


(TnflIN-T)/(TMflIN“TJ) 


COMPARISON BETWEEN DATA AND CORRELATION. FOR TEST NO. 2- TEST SECTION I .UNIFORM TMAI 


tOWXiUX £&AME ORIGINAL P^OE « 

- OF POOR QUALITY. 











0.3600 0.4200 0.4800 0.5400 





nWN$veRS£ OIST. Z/'S 


TIWN6VCR8E OIST* Z/8 


. 2 . TMflINrCONST. J= 21 . 59 . S/Dr 2 - 0 , H/D= 4.0 


DENRflT 10= 2.132 TttfllN = 651.2 K TJET = 308-0 K THEB = 0.271 


X/DJ =5-16 


X/H = 1.50 X/DJ =7-75 


X/H = 2.00 X/tU =10.33 


mUJBB OJB 040 


■040 040 040 


ORIGINAL PAGE IS 
OF POOR QUALITY 


IN-T3/(TriPIN-TJ} 


(TMflIN-T)/(TnflIN-TJ) 


(TnPIN“T /(TMRIN-TJ) 


ST SECTION I .UNIFORM TMflIN. J = 21.59 • S/D = 2.00 • H/D = 4.00 


Figure 15 


POLDOUX 


£KAJM5 



















(TnflIN-n/(Tf1RIN-TJ) 


(Tf1RIN-T)/lTnflIN-TJ) 




COMPARISON BETWEEN DflTfl AND CORRELATIONS FOR TEST NO. 3, TEST SECTION I ,UNIFORl 


EOLDOUI F^AMB 


,jpcoq,jf 














S =0.1016 nETERS 


14.9 M/SEC 


52.2 n/SEC 










MEASURED THETA PROFILES FOR TEST NO. 4. TEST SECTION I. TMAIN=CONST 


CONTOUR 


VALUE 0.0500 0.1000 0.1500 0.1915 






TRflNSVCRSe OIST. Z/'S 


1.0 lul 
1.5 -C.5 




TIWN6VERSE D18T. Z/6 


TRANSVCRSC OlSr. t/$ 


MEASURED THETfl CONTOURS FOR TEST NO. 4, TMflIN= 


jp, re!JI ERwm 


ORIOINAL PAGE B 
OF POOR QUALITY 
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: rs € dist. j/s 


TRANSVERSE OIST. 


TRftNSVfRSe 0I8T. Z/S 


4. TMfiIN=CONST. J=26.7, S/D=4.0. H/D=:4.0 

2jOU>OiJX £g^ 


ORIGINAL PAGE IS , 
OF POOR QUALITY 











tMWSVCMC OtST. Vi 


ntmzm oist. vi 


TMwtvcne OUT. vi 


f NO. 4. TMflIN=CONST, J=26.7, S/D=4.0, H/D=4.0 


ORIQinaL 

POOR 


PAGE" IS 

Quality 


f67 

DENRRTI0=2.174 

TKflIN = 651.2 K 

TJET = 304.0 K 

THEB = 0.192 

ioo 

X/OJ =4.r7 

X/H r 1 .50 

X/Do =7.30 

X/M r 2.00 X/Dv' :£.14 



ITWIN-T)/( rnfllN-TJ) (TMfiIN-T)/(TW11N-TJ) (Tf1fiIN-T)/(TriflIN-TJ.' 


-DOUx EKAMfl 

Figure 19 

TEST SECTION I .UNIFORM TMflIN. J = 26-68 . S/D r4.00 . H/D =4.00 



15.0 n/SEC 


51.9 N/SCC TURIN = 648.7 K 


MERSURED THEIR PROFILES FOR TEST NO. 5, TEST 

SECTION 

I. TMRINrCONST 

CONTOUR 1 

2 

3 

4 

VALUE O.OSOO 

0.1000 

0.1687 

0.2000 


TmeVERK OtST. Z/8 


EQUiOUX EBAME 


^ 0 ^ ^ 6 cf f 


TmeVERSE OIST. z/8 


TMMSVERSE OtST. Z/8 


MERSURED THETR CONTOURS FOR TEST NO. 5. TMRIN=CCNS 


UR.GINAL PAGE IS 
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CONTOUR 


0.1000 0.1687 0.2000 





DIST. Z/S 


mmsvEmc oisr. z/s 


DIST. z/s 


PREDICTED THETfl CONTOURS FOR TEST NO .5, TMflIN=CONST. J 


S/DJ = 2.58 HO/OJ= 10.33 VRflTIO = 3.45 TRflTlO = 0.475 DENRflTI0=2.128 Of 


X/H = 0.50 X/DJ =5.16 


X/H = 0.76 X/OJ =7.75 


X/H = 1.00 X.'OJ =10.33 




(TMflIN-T)/l01flIN-TJ) 


(OWIN-Tl/(TI1flIN-TJ) 


(01fllN-T)/(THflIN-TJ) 


EOLDOUt frames 


COMPARISON BETWEEN DATA RNO CORRELATIONS FOR TEST NO. 5, TEST SECTION I .UN I FOR 


ORiiiiNAL PAGE IS 
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«IHM 





















I/5EC TMfllN = 649.7 K T JET r 299.2 K THEB = 0.3018 BLORRTr 14.K4 OEMWT 10= 2.287 TRflTI0=0.460 




cl>- 




X/HO = 
X/DJ = 


d>- 




X/HO = 1.500 
X/DJ = 16.43 


X/HO = 2.000 
X/DJ = 20.67 


I, TMflINrCONST. , J = 107.78 , S/D =2.00 , H/D = 8.00 


0.2500 0.3018 0.3500 0.4000 0.4500 n.5000 0.5500 





1WWBVEME 0I8T. Z/8 


nwKVERse 0I6T. m 


rmNSVEME DI8T. Z/8 


feST NO. 6, TMflIN=CONST. J=107.8. S/D=2.0. H/D=8.0 


2JOWDVX E&Am 


Figure 22 
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nwNBvotaE our. z/s 


TRMVOUC OUT. t/8 


nmvcrac our. z/s 


PREDICTED THETfl CONTOURS FOR TEST N0.7, TMflINrCONST 


HO/OJ = 10.29 VRRTIO = 3.4/ TRflTIO = 0.464 UENRRTI0=2.192 


: 0.50 X/DJ ^.14 


X/H = 0.76 X/OJ =7.71 


X/Hrl.OO X/OJ =10.29 


(irWiN-n/dWIN-TJ) 


(T«RIN-T)/(ThRIN-TJ) 




l.PW»« 

^ qUAUTV 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 7. TEST SECTION I .UN] 


EOLDOUX eramb 







TNWSVCmC OIST. 1/9 


xmmmm. otsT. i/s 


H WM WMt OtST. z/t 


ST NO. 7, TMflIN.-CONST, J=26.34. S/D=4.0. H/0=8.0 


.464 0ENRflTI0=2.192 TURIN = 651.4 K TJET = 302.1 K THEB = 0.105 


1.00 X/OJ slO.29 


X/H=1.50 X/OJ S16.43 


X/H = 2.00 X/OJ *20.57 




[THfllN-TJ/lTmiN-TJ) 


(TMflIN-T)/(TriflIN-TJ) 


(TfWIN-T)/(TriflIN-TJ) 


Figure 25 

7, TEST SECTION I .UNIFORM TMflIN, J = 26.34 . S/D =4-00 . H/D =8.00 84 


K>iIX)UT PPAi 



mill. OIST* T/N 



8 S 0.0506 nETERS 8/DJ = 5.143 Itt/OJ = 10.265 VNPIN s IS.l H/8EC VJET = 104.1 n/8EC TWIN s 649.2 K TJET 



MEASURED THETA PROFILES FOR TEST NO. 8. TEST SECTION I, TMAIN=CONST. . J = 1C 





CONTOUR 12345 
VRLUE 0.0500 0.0750 0.1000 0.1250 0.1809 



MEASURED THETA CONTOURS FOR TEST NO. 8. TMAIN=CONST. J=: 



EDUXOilX ERAME 















IWMMMC OUT. I/S 


nWMSV DMt OUT. t/S 


TWWStCME OUT. Vt 


OR TEST NO. 8. TMfllNrCONST. J=109.0. S/D=4.0. H/0=8.0 


10 = 0.460 0ENRflTIO=2.3O3 TURIN = 649-2 K TJET = 298-7 K 


THEB r 0-181 


X/H=l-00 X/OJ =10-29 


X/H=t-26 X/DJ =12-06 


X/N = 2-00 X/OJ :£0.67 
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1 •; 
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(TMfllN-n/ITNfllN-TJ) 


(THfiIN-T)/( TURIN- TJ) 


(TriRIN-T)/(THRIN-TJ) 


NO. 8. TEST SECTION I .UNIFORM TMRIN. J = 108-97 . S/D =4-00 . H/D =8.00 


Figure 27 


foldout framb 





































ouc^g|ioiiT 


CONTOUR 
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7 



MBUL OKI. T/N 











8 9 10 

0.4000 0.4500 0.5000 



MVUV DMT. Z/S 


TRRWVEMC DtST. Vt 

TMNMMC Otar, z/a 

I.IO. TMflIN=CONST 

. J=30.6. S/D: 

=4.0. H/D=4.0 


OENRRT 10= 0.663 
X/DJ :£.17 

TMRIN = 293.0 K 
X/H = l.SO 

T.«T = 457.2 K 
X/DJ s7.7S 

THEB = 0.102 

X/H = 2.00 X/OJ =10.33 


T)/(Tf1flIN-TJ) 


(TriflIN-TJ/(TMflIN-TJ) 




ST SECTION I .UNIFORM TMflIN. J = 30.64 , S/D =4.00 . H/D =4.00 


ORIGINAL PAGE IS „„ 
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(THflIN-T)/(TWIN-TJ) (TMflIN-T)/(THRIN-TJ) tTMfiIN-T)/(TMfiIN-TJJ 


COMPARISON BETWEEN OflTfl flNO CORRELATIONS FOR TEST NO. 11. TEST SECTION I, UNIFOR 


I S 


iiiJUiUiJX ERAMB 


ORIGINAL PAGE IS 
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0.4000 


I M 





IMMMME OIST. Z /8 


NO. 11. TKHIN=CONST. J=30.i3. S/D=2.0 H/D=8.0 


E OCNRflTIO= 0.672 TURIN = 290.3 K TJET z 444.8 K 
XiOU = 10.36 X/H = l.SO X/OJ = 16.52 




■ M «!« u 

|WflIN-T)/(TMRIN-TJ) 



TEST SECTION I. UNIFORM TMflIN,J = 30.19 . S/D 


aucygiOHT 


t WW B VPt DtST. in 


THEB = 0.102 

X/N = 2.00 X/DJ :^.68 



iTHfllN-n/lTfWIN-TJ) 


=2.00 . H/D -.6.00 

rOLDOUI EKAME 


oRiomM.Mg|g 

OF wo* euAuff 


Figure 33 
92 



IWOIWL 0I5T. Y/H 


15.3 K/SEC 


97.6 tt/SEC 




ilW— fff 




MEflS’JRED THETfl PROFIl.ES FOR TEST NO. 12, TEST SECTION I. TMflIN=CONST. . J 





nwevERSc otsT. Z/S 


ORIGINAL PAGE 
OF POOR QUALITY 




CONTOUR 


VALUE 0.0250 0.0500 0.0617 0.0750 0.1000 0.1250 0- 





nOWSVERSE DIST. 1/S 


TRRNSVERSE OIST. 1/S 


MERSURED THETfl CONTOURS FOR TEST NO. 12. TMflIN=CONST. J 



























mVlflL 018T. Y/H 


















iMT,Kioa 

































CONTOUR 1 
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2 

0500 
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3 4 

0.1500 0.2000 


■I 


TMMBVCmC 01«T. Z/8 


nWNSVEME DtST. Z/S 


TRRMVnC DMT. Z/S 


PREDICTED THETfl CONTOURS FOR TEST NO. 14. TOP COLD. J=7 


S/DJ = 4.84 H0/0J=4.84 VRRTIO = 1.84 TRRT 10 = 0.453 0ENRflTI0=2 210 Tlttl 

X/H = 0.60 X/OJ :£.42 X/H = 0.76 X/DJ r».63 X/H = l.Of X/UJ =4.84 


(TMflX-n/lTtmX-TJ) 


(TrWX-T)/(TMflX-TJ) 


(TMflX-n/lTMflX-TJ) 


COMPRRISON BETWEEN DflTfl RND CORRELRTIONS FOR TEST NO. 14. TEST SECTION I. TOP 
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OF POOR QUALITY 


€TERS S/DJ = 4.888 HO/DJ = 9.776 VMflIN =18.1 M/SEC VJET = 63.0 H/SEC TMflIN = 567.1 K TJi 


MEASURED THETA PROFILES FOR TEST NO. 16, TEST SECTION I. TOP COLD 


CONTOUR I 


VALUE 0.0500 0.0996 0.1500 0.2000 0.2500 0.3000 








TRRNSVCXSE OlST. 1/8 


T1VM6VCR6C 0I8T. Z/8 


TRMVCRSe DI8T. Z/8 


MEfiSURED THETfl CONTOURS FOR TEST NO. 16. TOP COLD. J=22 


I tOLAOUX ERAMB 






















mnVL OIST. Y/H 



T1IRN6VCME 018T. Z/8 


immXK D18T. Z/8 


TMN8VQI8C DI8T. Z/$ 


EQLDQliX frame 


MEASURED THETA CONTOURS FOR TEST N0.17, TOP HOT. J 


ORIGINAL PAGE JS 
OF POOR QUALITY 















tuygvm 
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10 



(Tf«W-T)/(TWX-TJ) 


= 2.00 


2 £owout frame 


. H/D =4.00 


Figure 46 
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ffi 


OhIGINAL PAGE 















CONTOUR 











0.2S0O 0.3000 0.3500 0.4000 0.5000 0.6000 



TWM6VERSE OIST. Z/S 


TMM5VCRSE OIST. Z/S 

TWSMSVnig OIST. Z/5 

:ST NO. 18. TOP HOT. 

J=27.69. S/D= 
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11 
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I.S81 0O«WTI0=1.7S7 

imiN = 545.0 K 

TJET = 316.8 K 

THE8 = 0.053 

1.00 X/OJ =5.74 

X/t = 1.50 

X/OJ =14.61 

yun = 2.00 X/OJ = 19.47 




(TrWX-T)/(T0RX-TJ) 


(TMflX-T)/(TflRX-TJ) 


18. TEST SECTION 1. TOP HOT . J = 27.69 . S/D =4.00 . H/D =8.00 


original page is 





RfiOlflL OIST. Y/H 


/ 


S =G.0508 METERS S/DJ = 4.S61 HO/OJ = 9-921 VMfllN = 15-9 M/SEC VJET = 58-1 M/SEC TMflIN = 656-2 K TJET 



MEASURED THETfl PROFILES FOR TEST NO- 19, TEST SECTION II, TMflIN=CONST. , J = 2' 



-O.s l-S 

TR0N8VERGE OIST. Z/S 


CONTOUR 

VALUE 


1 

0.0500 
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0-i055 
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0-1500 
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0-2000 
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0-2500 
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0-3000 




MEASURED THETA CONTOURS FOR TEST NO- 19, TMAIN=CON| 


ORIGINAL PAGE IS 
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£0L4J.0UX eramb 






CONTOUR 123456 
VRLl£ O.OSOO 0.1055 0.1500 0.2000 0.2500 0.3000 



PREDICTED THETfl CONTDURS FDR TEST ND.19. TMflIN=CO» 


S/DJ = 4.S6 H0/DJr9.92 VRflTIO = 3.66 TRflT 10 = 0.504 DE(«flTI0=2.020 Tfiflil 

: 0.25 X/OJ =2.48 X/H = 0.50 X/DJ =4.S6 X/'H = l.OO X/DJ =S.92 



(TfiniN-n/(TMflIN-TJ) lT.1flIN-T)/(TMflIN-TJ) (TriflIN-T)/(TMRIN-T 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 19. TEST SECTION II .UNIFO 


ORIGINAL PAGE IS 

OF POOR QUALITY fiDJJiOUj: FRAME 
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OUT. z/s 


TWMSVQtSE OtST. 


FOR TEST NO. 19. TMflIN=CONST. J=27.09. S/D=4.0. H/D=8.0 


^504 DENRflTI0=2.020 TURIN = 656-2 K TJET = 330.4 K THEB = 0.106 


X/H = 1.00 X/QJ :5.92 


(41 (.« (4( 


s i 
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PM PM 0.40 040 040 14 

(Tf1flIN-T)/(Tf1filN-TJ) 


X/H = 2.00 X/OJ =19.84 

tt040 8.00 0.40 040 

g 1- „ -1 . ^,1 ■ . J 
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e« 040 O.40 040 040 

(Tf1RIN-T)/(TI1flIN-TJ) 


^ nOOUT 


19. TEST SECTION II .UNIFORM TMfliN. J = 27.09 . S/D =4.00 . H/0 =8.00 




Figure 50 
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RflOlRL OIST. Y/H 






uj ,1. Ji.,1.111,1. , i. „i*. 








/ 


S =0.0508 METERS S/DJ = 5-037 HO/OJ = 10.074 VMflIN = 15.5 M/SEC V.£T = 106.4 M/SEC TMflIN = 644.6 K 



MEASURED THETA PROFILES FOR TEST NO. 20. TEST SECTION II, TMAIN=CONST. . J 


CONTOUR 1 2 3 4 5 6 ; 

VALUE 0.0500 0.1000 0-1500 0-1881 0-2000 0-250C 



MEASURED THETA CONTOURS FOR TEST NO- 20, TMAIN^ 


f £OUJlDUJC ERAM0 

j 

ORiUtiNlAL PAGE IS 
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106-4 n/SEC TURIN = 644.6 K TJET = 313-9 K THEB = 0-1881 BL0RHT= 15-278 0EMlflTI0= 2-185 TRRTI0=0-487 




:CTI0NII, TMfllNrCONST- . J = 102.50 , S/D =4.00 , H/D = 8.00 



HOURS FOR TEST NO- 20. TMflIN=CONST. J=102.5. S/D=4.0, H/D=8-0 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Figure 51 
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RnOlRL 


S =0.nS08 METERS S/DJ = 2.462 HO/DJ = 4.923 VMflIN = 15.8 n/SEC VJET = 28.1 fl/SEC = 653.7 K 


4b "P 






X/HO = 0.500 
X/DJ = 2.46 









X/HO = 0.750 
X/DJ = 3.69 







MEASURED THETA PROFILES FOR TEST NO. 21. TEST SECTION II. TMAIN=CONST. . J = 




-0.5 l.S 

TRANSVCK8C 018T. Z> S 


fOL,0OUX 


ORIGINAL PAGE IS 
OF POOR QUALITY 


CONTOUR 1 


VALUE 0.0500 0-1000 O-ISCO 0-1973 0.2000 0-2500 




TRflNSVCftSC DI8T. Z/8 


mMSVCftSe oi 


MEASURED THETA CONTOURS FOR TEST NO. 21. TMAINrCQ 




w 



'SEC TMfllN = 653.7 K TJET = 307.9 K THEB = 0.1973 BLORflTs 3.794 DENRflTIO= 2.129 


TRRTIOs 0.471 




I 

II. TMflIN=CONST. . J = 6.76 . 5/0 = 2-00 , H/D = 4.00 


t ' 

b.l973 


5 6 7 8 

0.2000 0.2500 0.3000 0.3500 



nvwsvcKse otsr. i<s 


9 10 

0.4000 0.4500 



FOR TEST NO. 21. TMRIN=CONST. J=6.76, 6/0=2. 0. H/D=4.0 



EOLDOUT FRAME 


Figure 53 
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I 

TIWN8V0WE OUT. 1/3 TUfiNSVEWE OUT. 1/8 TftfMVQUE OUT. 

PREDICTED THETfl CONTOURS FOR TEST NO. 21. TMflIN=CON! 


S/DJ = 2.46 H0/DJ=4.92 


VRRTI0 = 1.78 TRflT 10 = 0.471 DENRflTI0=2.129 TMflIN J 


X/H = 0.60 X/DJ :2.46 


X/H=0.75 X/DJ =3.69 


X/H =1.00 X/DJ =4.92 


a • tM im 

— j 1 I 



(THRIN-T)/(TMfllN-TJ) 



(TMRIN-T)/lTMflIN-TJ) 



COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 21. TEST SECTION 1 1. UN I FORM 


OKiGH''. AU P AuE IS 

OF POOR QUALITY fOLDOUX FRAME 






OIST 










iSEC THfilN = 653.7 K TJET = 303.8 K 


FHEB = 0.3074 BL0RflT= 7.538 DENRflTI0= 2.179 


TRflT 10= 0.465 




I. Tf1flIN=C0NST. . J =26.07 


S/D =2.00 . H/D = 4.00 



FOR TEST NO .22. TMflIN=CONST . J=26.07, S/D=2.0. H/D=4.0 


EOLPOUI £RAMfi 


OP IS 

POOR QUALITY 


Figure 55 
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RflOIflL OIST. Y/H 











.5 


jme^msE otsT. z/s 


SPLoaux liKmsi 


TWNSmSE OIST, Z/S 










102 TRflT 1 0=0.484 


Figure 57 
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s 


CONTOUR 

VALUE 


0.0500 0.0972 0.1500 0.2000 0.2500 0.3000 0.3500 0.4000 0. 



nweVERSE 0I6T. 1/8 



PREDICTED THETfl CONTOURS FOR TEST NO. 23. TMflIN=CONST. J=21.07. S/D=4 


S/DJ = 4.93 H0/DJ=9.85 

X/H = 0.25 X/DJ ^.46 


VRRTI0=3.17 TRflTIOr 0.484 DENRflT10=2.102 TtlAIN 

X/H = O.SO X/OJ =4.93 


t40 (40 


a»M (4a «4a t4t 



I4P 04* (40 14 

(TMflIN-T)/( TURIN- TJ) 



»M (40 0.« t4l »M 14 

(Tf1flIN-T)/( TURIN- TJ) 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 23. TEST SECTION IV. TMAII 

ORIGINAL PAGE IS 
OF POOR QUAU1Y 


HOLDOUT FRAME 



6 


7 


8 


9 


10 


0.3000 0.3500 0.4000 0.5000 0.6000 0.7000 




TMRINrCONST, J=21.07, S/D=4.0 H/D=8.0 


I = 0.484 DENRRT 10= 2.102 TURIN = 645-5 K TJET = 312.2 K THEB = 0.097 

U =4-93 X/H = 1.00 X/OJ ^.85 


“1 





(TMRIN-T)/(TMRIN-TJ) "2,fOLDOUX ERAMg 


. 23. TEST SECTION IV. TfIflINrCONST . J = 21.07 . S/D -4.00 


. H/D =8.00 

Figure 58 
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ORIGINAL PAGE IS 
OF POOR QUALITY 



RfOIRL GIST. Y/H 


S =0.0508 METERS S/OJ = 5.000 HO/OJ = 10.000 


VMflIN = 16.9 M/SEC VJET = 105.1 M/SEC TMflIN = 642.8 K TJE 




MEfiSURED THETR PROFILES FOR TEST NO. 24, TEST SECTION IV. TriflIN=CONST , J = 


CONTOUR 


3 4 5 


6 7 


8 


VALUE 


0.0500 0.1000 0.1500 


0.1781 0.2000 0.2500 0-3000 


0.3500 0 




MEASURED THETR CONTOURS FOR TEST NO .24, TMflIN=CONST, J=85.84, S/D=4 


ORIGINAL PAGE la 
OF POOR QUALmC 


touuoux ERAMB 




:/H0 
:/0J = 


\^m 

10.00 


pramb 


I 

1 


'ALITV' 


Figure 59 
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moin. GIST. T/M 


CONTOUR 

VALUE 


4 


5 


9 

0.4000 


1 2 


8 


O.OSOO 0.1000 0.1500 


0.1781 0.2000 0.2500 0.3000 


0.3500 



PREDICTED THETfl CONTOURS FOR TEST NO. 24. TMflIN=CONST. J=85.84. S/D=4.0. 


S/DJ = 5.00 HO/DJ = 10.00 

X/H = 0.25 X/OJ ^.50 



VRflTI0=6.22 TRPTIOs 0.484 DENRRTI0=2.217 TWIN 
X/H = 0.50 X/OJ ^.00 



COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 24, TEST SECTION IV, UNIFORM 


ORIGINAL PAGE IS 
OF POOR QUALITY 


/ 


EOU>OUa: KRAME 






fWOlRL OIST 


S =0.0508 tiETERS S/OJ = 2.538 HO/OJ = 5.075 VflRIN = 15.1 M/SEC VJET = 27.7 11/SEC TflRIN = 643.4 K T. 




PROFILES FOR TEST NO. 25, TEST SECTION IV, TMflIN=CONST 


J = 


CONTOUR I 
VALUE O.OCUO 



2 3 

0.1000 0.1500 


4 5 6 7 



8 

0.3500 


MEASURED THETA CONTOURS FOR TEST NO. 25, TMAINrCONST, J=6.73, S/D=2 


£OU>-OUI ERAMB 


original iS 

OF POOR QUALITY 







CONTOUR 1 


VALUE O.OSOO O.IOOO 0.1500 0.1830 0.2000 0.2500 0.3000 0.3500 




TMMSVEiiSC DtST. Z 


imRyCRSE OtST. l/t 


PREDICTED THETR CONTOURS KOR TEST NO .25. TMflIN=CONST. J=6.73. S/D=2 


S/OJ = 2.54 H0/DJ=5.08 VRfiTI0 = 1.83 TRRTIO = O.SOO 0ENRRTI0=2.003 


X/H = T.SO X/DJ :5.o4 


X/H =0.75 X/DJ =3.81 


• 40 04I tm 



•4C «40 


(TnRIN-T)/lTHAIN-TJ) 


nHAIN-T)/(THAIN-TJ) 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 25, TEST . CTION IV, UN I FI 




OKIGINAL PAGE IS 
OF POOR QUALITY 








CONTOUR 


VALUE 0.0500 0.1000 0.1500 0.2000 0.2500 0.2988 0.3500 0.4000 0. 





TfOKSVERSE DIST, Z/S 


TRflNSVEItSC OIST, Z/S 


PREDICTED THETfl CONTOURS FOR TEST NO. 26. TMflIN=CONST. .1=26.73. S/D=2 


S/DJ = 2.58 H0/DJ=S.16 VRflTIO = 3.70 TRflTIO = 0.515 DENRflTIO= 1 .958 TMfll 


X/H = 0.50 X/DJ =2.58 


X/H = 0.76 X/DJ ^.07 


■ (4a 04( (4i 


J- -A 



■ 


(40 (.oa (4( 04( 140 


(TMflIN-n/lTMflIN-TJ) 


(4r (4( (4( (4( (40 140 


(ThflIN-T)/(TMflIN-TJ) 


COMPARISON BETWEEN OflTfl AND CORRELATIONS FOR TEST NO. 26. TEST SECT 1 01 ’V.UNIFO 


UKiUii>iAL PAGE 18 
OF POOR QUALITY 


tOLDUUJ £JLAME 





morn. oisT. Y/H 


S =C.OS08 f«TERS S/OJ r 4.961 HO/D J = 9.921 VMflIN r 16.1 M/SEC 


yjET ~ 58.7 M/SEC TMflIN r 646.4 K 



CONTOUR 1 2 3 4 5 6 7 8 

VALUE 0.0500 0.1065 0.1500 0.2000 0.2500 0.3000 0.3500 0.4000 



MEASURED THETA CONTOURS FOR TEST NO. 27. TMAIN=C0NST. J=27.18. S/D 


uKibi^^AL PAGE IS 
OF POOR QUALITY 


















8 r 0.0608 METERS 8/OJ s 5.061 HO/OJ = 10.121 VfWIN s 16.0 M/SEC VJFT s 1 12 .6 M/SEC TMflIN - 646.1 K T< 




MEASURED THETfl PROFILES FOR TEST NO- 28. TEST SECTION V. TMflIN=CONST. . J I 


CONTOUR 123456 

VPLUE 0.0500 O.IOOO 0.1500 0.1880 0.2500 0.3000 0.3500 0.4000 




MEASURED THETfl CONTOURS FOR TEST NO .28. TMflIN=CONST . J=106.7. S/Da 


fULDOUX EiiAMB 





f 

^MRIN=CONST, Jr 106. 7. S/Dr4.0. H/0r8.0 




Figure 67 
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CONTOUR 1 
VRLUE 0.0600 



2 3 4 6 6 7 8 91 

0.1000 0.1500 0.1888 0.2600 0.3000 0.3500 0.4000 0.4B 



PREDICTED THETfl CONTOURS FOR TEST NO. 28, TMflIN=CONST, J=106.7, S/D=4 J 


S/DJ 

X/N = O.ZS X/DJ :2.53 


5.06 HO/OJ s 10.12 


VRflTIO =7.03 TRflTIO = 0.496 
X/H s 0.60 X/OJ 4.06 


DENRflTI0=2.15S TMRIM 




COMPARISON 3ETHEEN DATA AND CORRELATIONS FOR TEST NO. 28. TEST SECTION V.UNIFORfi 


ORIGINAL ^ 

OF POOR QUALITY 


f JUM0 





DMT. t/l 


OIDT. l/t 


28. TMflIN=CONST, J=106.7, S/D=4.0, H/D=8.0 


nwTia = 0.495 OENmrio=2.i59 rmiN = 545.1 k tjet = 319.1 k theb = 0.159 


I X/DJ :£.05 


X/Hsl.OO X/OJ slO.lZ 


WIN-T)/(TI1flIN-TJ) 




*!» Mi 


(TMRlN-T)/(THflIN-TJ) 


^tULlX 


T NO. 28. TEST SECTION V.UNIFORM THfllN. J = 106.72 . S/D =4.00 . H/D =8.00 


original page is 

POOR quaU * 



mOIRL OtST. Y/H 






:c TWIN = 645.0 K TJET = 313.5 K THEB = 0.1983 BLORBTs 3.818 OEMWTIOs 2.064 TitflTIOsO.486 


Jg_y--!T 


. S/D = 2.00 . H/D = 4.00 




10 

0.5000 



0.0 


iJ) 


^ Eoi^aom 




erams 


Figure 69 
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CONTOUR 


yPLlX. 0.0500 0.1000 0.1500 0.1^4 0.2500 0.3000 0.3500 0.4(K)0 0 




TWINSVCRSe GIST. 1/S 


TMW8VEMC OIS.. 1/8 


PREDICTED THETfl CDNTOURS FOR TEST NO .29, TNflINrCONST. J=7.07, S/D=2 


HO/OJ =4.92 VRflTIO = 1.85 TRflTIO = 0.486 KNRflTI0=2.064 


X/H = 0.50 X/OJ :2.46 


X/H = 0.75 X/OJ =3.69 




M 9jm urn 


(TttflIN-T)/(TnflIN-TJ) 


(TWIN-T)/(THflIN-TJ) 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 29. TEST SECTION V.UNIF 


ORIGINAL PAGE IS 

OF POOR QUALITY p^yjoUX ERAMK 





/ 


0.3000 0.3500 0.4000 0.4500 0.5000 




OUT. 


TMINSVERK Dt8T. I/S 


.29. TfIflINrCONST, J=7.07. S/D=2.0. H/D=4.0 


TRflTIO s 0.486 0ENRRTI0=2.064 TMAIN = 645.0 K T.^T = 313.5 K THCB = 0.198 


.75 X/DJ s3.69 


X/H s l.OO X/DJ s4.92 


( 4 * 140 (4 




(TMflIN-T)/(TWIN-TJ) 


lTHflIN-T)/(TMflIN-TJ) 


^ EOI.POUT FR.UT 


EST NO. 29, TEST SECTION V.UNIFORM TMflIN, J = 7.07 , S/D =2.00 , H/0 =4.00 


Figure 70 





0508 ttETERS S/DJ = 2- >40 HO/OJ = 5.080 VfWIN = 15.6 VSEC VJET = 56.4 M/SEC TttRIN = 645.6 K T 




<±>- 




X/HO = a. 500 
X/DJ = 2.54 



X/HO = 0.750 
X/OJ =3.81 




“ <1«ai.nMU..Mr *- 


MEASURED THETfl PROFILES FOR TEST NO. 30. TEST SECTION V, TMflINrCONST. . J 


CONTOUR 


VALUE 0-0500 O.IOOO O.ISOO 0.2000 0.2500 0-3149 0-3500 0.4000 






TMWS'/eitSE DtST. 1/6 


TMNSVERK Ot$T. Z/S 


MEASURED THETA CONTOURS FOR TEST NO. 30, TMRIN=CONST. J=27.31. S/D=| 


ORIGINAL PAGE IS 
OF POOR QUALITY 


EOJUDiiUX 



.4 tl/SEC TtIflIN = 645.6 K TJET s 313.7 K THEB = 0.3149 BUORflTs 7.549 OENRATIOe 2.087 TRflTIOsO.486 


I 

1 



TION V. TMflINrCONST. . J = 27.31 . S/D =2.00 . H/D = 4.00 


6 7 8 9 10 

0.3149 0.3500 0.4000 0.4500 0.5000 



1 


TMflIN=CONST, J=27.31. S/D=2.0. H/D=4.0 ORIGINAL PAGt IS 

OF POOR QUALITY 


Figure 71 
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^ i’-OLDOUi £&AAIB 



mOM. DtST. Y/H 


CONTOUR 

VRLUE 


I 

0.0500 


2 

o.iooo 


3 

0.1500 


4 5 6 7 

0.2000 0.2500 0.3149 0.3500 


8 9 

0.4000 0. 



04 


t4 



04 


14 


PREDICTED THETfl CDNTDURS FOR TEST N0.30. TriftIN=CONST. J=27.31. S/D=2. 


S/OJ s 2.54 HC/OJ s 5.08 
X/HcO.SO X/DJ :£.54 


VRflTIO = 3.62 TRflTIO = 0.486 
X/H e 0 7S X/DJ d.Bl 


0ENRflTI0=2.087 TMfllMl 




COMPARISON BETWEEN DRTR RND CORRELATIONS FOR TEST NO. 30. TEST SECTION V.UNIFORf 


eoudoui ERAMB 


OKKiiNML PAGE IS 

OF POOR QUALITY 




J. TMflIN=CONST. J=27.31. S/D=2.0. H/D=4.0 


no = 0.486 DEWflTI0r2.087 TMflIN = 645-6 K TJ£T = 313.7 K THEB = 0.315 
X/OJ s3.81 X/H : 1.C3 X/DJ :5.08 



IN-T)/(TMRIN-TJ) (Tf1flIN-T)/(TMflIN-TJ) 


ORIGINAL PAGE 18 
OF POOR QUALITY 


NO. 30, TEST SECTION V, UNIFORM TMflIN. J = 27.31 


S/D =2.00 . H/D =4.00 


Figure 72 



0508 tCTERS S/OJ s 4.941 HO/OJ s 9.883 VKAIN s 16.4 M/SEC VJET r 58.6 n/S£C TWIN s 649.2 K TJE 


ci>— -x-“ 



X/HO = 0.250 
X/DJ = 2.47 





X/HO s 0.5CQ 
X/OJ = 4.94 


MEASURED THETfl PROFILES FOR TEST NO. 31. TEST SECTION VI, TMRINsCONST . J = 


CONTOUR 


VALUE O.OSOO 0.1066 0.1250 0.1500 0.2000 0.2500 0.3000 0.3500 




tmtNom o»T. z/8 


TIMN6VQIK 018T. Z/8 


MEASURED THETR CONTOURS FOR TEST N0.3U TtlfllNrCONST^ J=26.59. S/D=^ 


ORIGINAL PAGE IS 
OF POOR QUALITY 


EOLD.OUX ERAMB 



n/SEC TWIN = 649.2 K TJET = 319.5 K TH5B = 0.1066 8L0RflTs 7.421 


oewnrio: 2.072 tratios 0.492 



ON VI. TMflIN=CONST , J r26.S9 . S/D = 4.00 , H/D = 8.00 



CONTOUR 


S 6 7 

.2000 0.2S00 0.3 




TmMvonc OUT. i/i 


TMMIVIMe OUT. I/O 


PREDICTED THETfl CONTOURS FOR TEST NO. 31. Tf1flIN=C0NST. J=26.59. S/D 


S/DJ s 4.94 H0/0JS9.88 VRPTIO s 3.58 TRPTIO s 0.492 0ENRflTI0=2.072 


X/H e 0.2S X/OJ .47 


X/H : 0.50 X/OJ b4.94 



(TttflIN-T)/(Tf1fiIN-TJ) 


I • 
% • 

S- 

8 



(Tf1flIN-T)/(TnflIN-TJ) 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 31, TEST SECTION VI. UNI 


ORIGINAL PAGE IS 

OF POOR QUALITY FRAME 





OUT. I/O 




TMWoycme our. v» 


Tf1flIN=CONST. J=26.59, S/D=4.0, H/0s8.0 


s 0.492 0eNRflTI0s2.072 TMfllN s 649.2 K TJCT s 319-5 K THfB a 0.107 


X/H s 1.00 X/DJ «.n 



9M 9Jm IM « ~ 

TJ/(Tt1flIN-TJ) (TttPIN-TJ/lTMRIN-TJJ 


InO. 31. VEST SECTION VI.UNIFORfI TNflIN. J = 26.59 . S/0 r4.00 . H/0 =8.00 


Figuie 74 






0.0500 rCTERS 5/DJ = 5.081 HO/OJ s 10.163 VMfllN a 16.S fl/SCC VJET = 116.0 M/SEC TWIN s 647.0 K 




> a\WN 


X/HO a 0.250 
X/DJ s 2.54 



X/HO = O.SOO 
X/OJ =5.00 


MEASURED THETA PROFILES FOR TEST NO. 32. TEST SECTION VI. TMAIN=CONST . 


CONTOUR 

VALUE 


0.0500 0.1000 O.ISOO 0.1008 0.2500 0.3000 0.3500 0.400( 



HWMBVCRtt OI«T. h$ 



3T 

rmmwm owt . m 


MEASURED IntTfl CONTOURS FOR TEST NO. 32. TMAIN=CONST. 1=107.8. 


FOLiUyJUJC EitAMB 






CONTOUR 1 


VRLUE 0.0500 0.1000 0.1500 0.1888 0.2500 0.3000 0.3500 0.4000 




imevcMe otsi. t/s 


imNSVERS OIST. I/s 


PREDICTED THETfl CONTOURS FOR TEST NO. 32. TMRIN=CONST. J=107.8. S/D 


S/OJ = 5.08 HO/OJ: 10.16 VRRTIO s 7.04 TROT 10 s 0.496 OCMWTIO=2.176 


0.2S X/OJ 


X/H = O.SO X/OJ ^.OB 




(Tfff1IN-T)/(TMflIN-TJ) 


(Tf1flIN-T)/(THflIN-TJ) 


COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO. 32, TEST SECTION VI.UNII 


£OLDOUT 


original page is 
OF POOR QUALITY 




0.3000 0.3S00 0.4000 0.4500 0.5000 



I. T«flIN=C0NST. J=107.8. S/0=4.0. H/D=8.0 


iTtO = 0.496 0EMWTI0=2.176 TmiN = 647.0 K TJET : 321.2 K TtCS = 0.189 


X/DJ ^.08 


X/H=1.00 X/0..' =10.16 


K V 


pm *m «4i 

ttN-T)/(T«mN-TJJ 



^ KOLDOUI FRAME 


NO. 32. TEST SECTION VI. UNIFORM TMflIN. J = 107.76 . S/D =4.00 . h/0 =8.00 

Figure 76 
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(J ■ m. - 

OF POOR QUALITY 




inCRS S/OJ s 2.500 HO/DJ s 5.001 VnPlN = 16.3 n/STC VJET = 29.5 M/SEC TflRIN = 649.8 K TX| 



c±>-» 


X/HO s 0.500 
X/OJ = 2.50 



X/HO = 0.7S) 
X/DJ r 3.75 


■^nxwflr 


•mKn»w«ir 


MEASURED THETA PROFILES FOR TEST NO. 33. TEST SECTION VI. TMAIN=CONST . J =1 


CONTOIS 1 2 3 4 5 6 7 8 1 

VRLUE 0.0500 0.1000 0.1500 0.1969 0.2500 0.3000 0.^00 0.4000 0.^ 




mflNEVBtSC 0I6T. 1/S 


i*S 

TMMSVCRSE OlSl . t/S 


MEASURED THETA CONTOURS FOR TEST NO. 33. TMAIN=CONST. J=7.05. S/D=2.0 


ORIGINAL PAGE IS 
OF POOR QUALITY 


KOLP.0.UX lramb 






oucyjiQMT 




CONTOUR 

VALUE 


I 

0.0500 



0.0 


imevEMC OUT. Z.-S 


t.0 


1.0 


2 3 

0.1000 0.1500 


4 

0.1969 


5 

0.2500 


6 

0.3000 


7 

0.3500 



0.0 


1.0 


8 

0.4000 


9 

0.4! 


PREDICTED THETfi CONTOURS FOR TEST NO. 33. TMfilNzCONST. J=7.05. S/D=2.0 


S/DJ = 2.50 HO/DJ=5.00 VRflTIO = 1.80 TRflTIO = 0.464 IffNRRT 10= 2.165 TWIN 


X/H = 0.50 X/OJ :«.S0 


X/H = 0.75 X/OJ ^.75 



(TMAIN-T)/(TMflIN-TJ) 



COfIPfiRISON DETWEEN DflTfi AND CORRELATIONS FOR TEST NO. 33. TEST SECTION VI. UN I FOR 


rtNAL PAGE *8 
»OOR QUALfTY 


EOLDOUI ERAMB 




0S08 fCTERS S/DJ s 2.561 HO/DJ = 5.122 VWIN = 16.2 H/SEC 


VJET = 55.9 f1/SeC TflfllN = 650.8 K 



MEASURED THETR PROFILES FOR TEST NO. 34. TEST SECTION VI. TMflIN=CONST . , 


CONTOUR 1 2 3 4 5 6 7 8 

VRLUE 0.0500 O.IOOO 0.1500 0.2000 0.2500 0.3144 0.3500 0.4000 



IMNSVEMC Dl$r. L8 TWNSVOtSe DtCT. t/S 


MEASURED THETfl CONTOURS FOR TEST NO. 34. TMflIN=CONST. J=26.4. S/D 


OF POOR QUM-ITX 










CONTOUR I 
VRLUE 0.0500 




PREDICTED THETR CONTOURS FOR TEST NO. 34. TMflIN-CONST. J=26.4. S/D=2.Q 


S/DJ = 2.56 H0/DJ=S.l2 

X/H s 0.50 X/DJ ^.56 



VRRTIO = 3.44 TRPTIO = 0.456 DENRRTI0s2.22S TWIN 
X/H s 0.75 X/DJ s3.S4 



COMPARISON BETWEEN DRTfl AND CORRELATIONS FOR TEST NO. 34. TEST SECTION VI.UNIFOl 

FOLDOUT FR/v!»12 

ORIGINAL F.<^G£ IS 

OF POOR QUALITY 




•WT. 1/t 


IMMVCMt 0»T. Vt 


TMfllNrCONST. J=26.4. S/D=2.0. H/D=4.0 


0 = 0.456 0EI«?Rn0=2.225 

/DJ =3.84 

Mi 


I Mi »m urn 

Ml/dMAlN-TJ) 


TWIN = 650.8 K TJET = 296.9 K THEB = 0-314 
X/H = 1.00 X/OJ :«.t2 



anflIN-T)/lTWIN-TJ) 



NO. 34. TEST SECTION VI. UNIFORM TMflIN. J = 26.40 . S/D =2.00 . H/D =4.00 

Figuxe 80 
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ORIGINAL I'AC.- : 

OF POOR quality 





WOIPL OIST 


8 = 0.0508 NtTERS S/DJ = 4.961 TO/OJ = 9.921 VMflIN = 18.7 H/SEC VJET = 70.9 H/SEC THfllNs 561.4 K T, 



MEASURED THETA PROFILES FOR TEST NO* 35, TEST SECTION V. TOP COLD . J : 


CONTOUR 123456 
VRLUE 0.0500 0.1002 0.1500 0.2000 0.2500 0.3000 



MEASURED THETA CONTOURS FOR TEST NO. 35. TOP COLD 


EOUiO’JX FRAME 


ORIGINAL PAGE IS 
OF POOR QUALITY 



mOlPL 0I8T. T/n 






:Cr<ITOUR 1 2 3 4 5 6 

'RLUE O.OSOO 0.1002 0.1500 0.2000 0.2500 0.3! 



PREDICTED THETR CONTOURS FOR TEST NO. 35. TC 


HO/DJ =9.92 


VRflTI0=3.79 TRflTIOs 0.548 


DENRRTIOz 1 .88 
X/H = i.'» 




•4i 

I 







0.2000 0.2500 0.3000 0.3500 0.4000 0.5000 0.6000 0.7000 



1WWBVER8C 0I8T. Z/8 


FOR TEST NO. 35. TOP COLD. J=26.82. S/D=4.0 H/D=8.0 


r = 0.548 Oe^WflT 10= 1.864 TURIN = 561.4 K TJET < 307.6 K TICB = 0.065 
X/H=1.00 X/OJ 



<^£01D0VX FJiAj^ 


OkIGfWAL PAGE S. 
POOR QUALITY 


|0. 35. TEST SECTION V. TOP COLD . J = 26.82 . S/D =4.00 . H/D =8.00 


Figure 82 



mOlPL DI8T. Y/H 



CONTOUR 123456 
VALUE 0.0500 0.1000 0.1500 0.1768 0.2500 0.3000 



MEASURED THETA CONTOURS FOR TEST NO .36, TOP COLD 

£014001^ EBAMB 

OF POOR QUALITY 








MSIflL 018T. Y/H 


CONTOUR 123456 
VRLUE 0.0500 0.1000 0.1500 0.1768 0.2500 0.3000 




PREDICTED THETfl CONTOURS FOR TEST NO. 36. TOP COLl 


S/DJ = 5.16 HO/DJ = 10.33 VRRTIO = 7.39 TRflTIO = 0.537 0ENRflTI0=2.012 TUtf 

X/H = 0.26 X/DJ =2.58 X/H = l.OO X/OJ =M 




COMPARISON BETWEEN ORTA AND CORRELATIONS FOR TEST NO. 36. TES. SECTION V. TOP 
OKiGJi'iAL 5'AGE !S 
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^4 


NO. 36. TOP COLD, J=109.8, S/D=4.0 H/D=8.0 


K!«nTIO= 2.012 TWIN = 560.2 K T.£T = 305.2 K 
X/H = t.00 X/OJ =10.33 


THE6 =0.101 





10 



fmOIflL OIST. Y/H 







IVOtRL Dis; . Y/H 



CONTOUR 123456 
VALUE 0.0500 0.0641 0.1500 0.2000 0.2500 0.3000 



PREDICTED THETR CONTOURS FOR TEST NO. 37. TOP HOTl 


S/DJ = 4.70 


H0/DJ=9.4O VRfiTI0=2.S4 TRflTIO = 0.764 DENRflTIO= 1 .316 THflIi 


X/H = 0.25 X/DJ z£.3S 



COMPARISON BETWEEN DRTfl AND CORRELATIONS FOR TEST 


^ EQiaOiJX ERAME 


OKIGINAU 

OF POOR QUALITY 





4 S 6 7 8 9 10 11 

0.2000 0.2SC0 0.3000 0.3500 0.4000 0.5000 0.6000 0.7000 



I FOR TEST NO. 37, TOP HOT. J=8.51, S/D=4.0 H/D=8.0 


= 0.764 DENRRT 10= 1.316 TURIN = 417.3 X TJET = 319-0 K THEB = 0.014 
X/H = 1.00 X/OJ ::9.40 


ORIGINAL PAGE 15 

OF POOR QUALITY 


(THRX-T)/(TnflX-TJ) 


. 37. TEST SECTION V. TOP HOT , J = 8.51 . S/D =4.00 , H/D =8.00 

Figure 86 
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5/DJ = 4.9Z5 HO/DJ = 9.851 VHfilN = 16.0 M/SEC VJET = 75.4 rt/SEC TfWIN =416.1 K 





■^v\wN 


X/HO = 0.250 
X/DJ = 2.46 





CT ^ 


MEASURED THETfl PROFILES FOR TEST NO. 38. TEST SECTION V. TOP HOT 


CONTOUR 123456 
VALUE 0.0500 0.1067 0.15C0 0.2000 0.2500 0.3000 




nOWSVCRSE D18T. Z/8 


TWW6VER8E 0I8T. Z/8 


MEASURED THETA CONTOURS FOR TEST NO. 38. TOP HOT. J 


ORIGINAL PAGE IS 
OF POOR QUALITY 


\ EOLRO.UX EJKAMB 


> n/SEC TtIPIN = 416.1 K TJET = 314. S 


Tt€B = 0.1067 BLORflTs 7.163 


DENRRTIOs 1.3S6 


TRflTIOsO.TSS 



W V. TOP KOT , J =30.24 


S/D =4.00 . H/D = 8.00 


4 5 6 7 

1.2000 0.2500 0.3000 0-3500 



8 9 10 11 

0.4000 0.5000 0.6000 0-7000 


ORIGINAL PAGE lb 
OF POOR QUALITY 


OR TEST NO. 38, TOP HOT. J=30.24, S/0=4.0, H/D=8.0 




Figure 87 



CONTOUR 123456 
VALUE 0.0500 0.1067 0.1500 0.2000 0.25C0 0.3000 



TWMVQOe 018T. Vt 



PREDICTED THETfl CONTOURS FOR TEST NO. 38. TOP HO 


S/DJ = 4.93 H0/0J=9.8S VRRTIO = 4.72 TRRTIO s 0.756 0ENRRTI0= 1 .356 


X/H:0.2S X/OJ ^.46 


M m IM 



X/H s 1.00 X/OJ 

■fT~ 

I • 


(Tf«X-T)/(TMRX-TJ) 



(THRX-T)/(1 


COMPARISON BETWEEN OATA AND CORRELATIONS FOR TEF- NO. 38. TEST SECTION V. TOP 


POOR QUAU iKLa-U'U'iiX tHAMB 





0.7000 


CONTOURS FOR TEST NO. 38. TOP HOT. J=30.24. S/D=4.0 H/D=8.0 


TRflTIO = 0.756 0ENRflT10= 1.3S6 TURIN = 416.1 K TJET = 314.S K THEB = 0.023 
X/Hsl.OO X/OJ ^.86 



FOLDOUX I'TIAME 


’EST NO. 38. TEST SECTION V. TOP HOT 


J = 30.24 . S/0 =4.00 . H/D =8.00 


original Ph. 

OF POOR QiJALUy 


Figure 88 
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APPENDIX A 


LIST OP SYMBOLS 

A test section cross»sectional area at survey plane 
D geometric orifice diameter 

Dj effective orifice diam'ter 

duct height at the jet injection plane 
H local duct height at the survey plane 
J momentum ratio ^jVj 

P^ stagnation pressure 

Pg static pressure 

5 orifice spacing 

T temperature 

V velocity 

X X direction, parallel to duct axis 

y y direction, parallel to orifice centerline (radial direc- 
tion) 

Z Z direction, normal to duct axis (transverse direction) 

Greek 

6 temperature difference ratio 

P density 

a jet injection angle 

Subscripts 
av average 

EB equilibrium value 

j jet property 

max maximum 

m cross-flow property, average value 
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